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Abstract
The swine production sector is projected to grow globally. In the past, this growth
manifested itself in increased herd sizes and geographically concentrated production. Although
economically sound, these trends had negative consequences on surrounding ecosystems. Overapplication of manure resulted in water quality degradation, while long-term storage of manure
slurries was found to promote release of potent GHG emissions. There is a need for innovative
approaches for swine manure management that are compatible with current scales of production,
and increasingly strict environmental regulations.
This study aims to investigate the potential for incorporating gasification as part of a
novel swine manure management system which utilizes liquid-solid separation and periphytic
algal consortia as a phycoremediation vector for the liquid slurry. The gasification of swine
manure solids, and algal biomass solids generate both a gaseous fuel product (producer gas) in
addition to a biochar co-product.
First, the decomposition kinetics for both feedstock, i.e., swine manure solids, and algal
solids, were quantified using thermogravimetry at different heating rates (1 ~ 40°C min-1) under
different atmospheres (nitrogen, and air). Pyrolysis kinetics were determined for manure solids
from two farms with different manure management systems. Similarly, the pyrolysis kinetics
were determined for phycoremediation algae grown on swine manure slurries. Modeling algal
solids pyrolysis as first-order independent parallel reactions was sufficient to describe sample
devolatilization. Combustion of swine manure solids blended with algal solids, at different ratios,
showed no synergistic effects.
Gasification of phycoremediation algal biomass was studied using a bench-scale auger
gasification system at temperatures between 760 and 960°C. The temperature profile suggested a

stratification of reaction zones common to fixed-bed reactors. The producer gas heating value
ranged between 2.2 MJ m-3 at 760°C, and 3.6 MJ m-3 at 960°C.
Finally, life cycle assessment (LCA) was used to evaluate a proposed swine manure
management system that includes a thermochemical conversion sub-system: drying, gasification,
and producer-gas combustion (boiler). Liquid manure storage (uncovered tank) was the biggest
contributor to GHG emissions. Liquid slurry management stages were credited with the highest
fossil fuel use. Improvements to separation and drying technologies can improve this conversion
scenario.
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Chapter 1 Introduction
Poor waste management practices trigger ecosystem imbalances on regional and global
scales. Livestock production is an essential agricultural enterprise that is also responsible for
large quantities of organic waste (manure). Livestock production practices changed drastically in
during the past decades toward more integrated and concentrated systems. These changes yielded
significant economic benefits to producers, aggregators, and consumers but also triggered severe
ecological degradation. This degradation is caused by the concentration of animal operations
and, in turn, the disposition of animal waste in relatively small regions. Traditional manure
disposal methods, i.e. soil application and incorporation, are no longer sufficient to assimilate the
huge quantities of manure. Manure over-application, i.e., beyond the soil assimilative capacity
was shown to be responsible for numerous contamination problems; nitrates (NO3-N) leaching
from top soil to groundwater causing contaminations, and nitrogen (N) and phosphorous (P)
runoff to rivers and lakes resulting in fertilized algal blooms, anoxic conditions and
eutrophication of water bodies. Additionally, manure application beyond soil and crop needs
alters the soil pH causing delayed plant emergence and reduced crop productivity. Volatilization
of ammonia (NH3-N) from over-application of manure to agricultural soils is malodorous, a
respiratory nuisance, not to mention a precursor to the formation of particulate matter (PM), and
acid rain.
Majority of aqueous manure wastes (dairy and swine manures) undergo a biological
stabilization step, i.e., anaerobic decomposition prior to soil application. This step takes place in
lagoons, which work to reduce the nutrient loading of the manure effluents prior to soil
application in order to minimize nutrients runoff, leaching, and volatilization. This stage often
results in the release of large quantities of methane (CH4) and NH3. Currently, few of these
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lagoons are covered or equipped with gas collection or flaring capabilities. The lack of gas
collection or flaring is responsible for a large contribution of the livestock sector to the
agricultural global warming emissions either directly through increased CH4 emissions, or
indirectly through NH3 emissions that contribute to the formation of PM.
This research aims at exploring the gasification of swine manure as a utilization approach
that minimizes the impact of manure on the ecosystem. This conversion process, gasification, is
an old technology that utilizes elevated temperature conditions, and controlled flow rate of a
gasifying agent, to facilitate the conversion of organic solids to a gas fuel stream (producer gas)
in addition to solid char (biochar). The feedstock under study here are: swine manure separated
solids, and phycoremediation algal consortia. Algal biomass are grown using the liquid effluent
from swine manure liquid-solid separation to reduce nutrients runoff and leaching. Both
feedstocks were closely studied in a thermogravimetric analyzer (TGA) to understand the
temperature-weight loss relationship under different atmospheres. These relationships are
necessary to determine the conversion parameters, i.e., residence time and temperature levels
suited for gasification. Additionally, the thermogravimetric study will be used to derive the
various reaction kinetic parameters that are useful to modeling the conversion of swine manure
solids, and the proper design of conversion equipment. The gasification system, used in this
study, is an externally heated cylindrical batch reactor (auger reactor). Carbon fate will be
investigated here to determine the amount of carbon sequestered, in biochar form, and the carbon
released from burning producer gas.
Finally, a life cycle assessment (LCA) was conducted to investigate this utilization route:
slurry storage>solid separation>drying> thermochemical conversion>utilization of producer gas
to avoid natural gas fuel usage, to integrate the findings of this research into the manure
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management systems (MMS) available to livestock producers. Furthermore, this study outlines
the contributions of each step to the overall impacts, along with the potential areas for
improvement.
As such, this document is divided into several chapters, each covering a specific point of
investigation related to the review of literature, characterization, thermochemical conversion of
manure solids and algal biomass, and the life cycle assessment of swine manure gasification.

Chapter 2 Value-added products from Swine Manure: Challenges and Opportunities
Chapter 3 Thermogravimetric Analysis of Swine Manure Solids Obtained From Farrowing, and
Growing-Finishing Farms
Chapter 4 Pyrolysis Kinetics of Algal Consortia Grown Using Swine Manure Wastewater
Chapter 5 Combustion Kinetics of Swine Manure and Algal solids
Chapter 6 Gasification of Phycoremediation Algal Biomass
Chapter 7 Life Cycle Assessment of Swine Manure Management through Thermochemical
Conversion
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Chapter 2 Value-added products from Swine Manure: Challenges and Opportunities
1. Abstract
Swine production is projected to grow globally, and along with it the challenges
associated with swine manure management. The environmental burden on production regions,
due to consolidation and regional concentration in the swine sector, prompted stricter regulations
on swine operations. This paper presents a critical assessment of the various technologies that
target production of energy, fuels, and bio-products from swine manure using biological
(composting, anaerobic digestion), and thermal (incineration, gasification, pyrolysis) techniques.
Yields and quality of products, i.e., compost, biogas, syngas, bio-oil and biochar are discussed.
Manure characteristics were shown to be a challenge to conversion technologies. Pretreatment
steps, such as blending, solid-liquid separation, and drying are critical to the viability of any
conversion technology. Biological processes were shown to necessitate blending with a carbonrich source to adjust the carbon: nitrogen ratio, and thus facilitate biological activity. High levels
of nitrogen in swine manure are inhibitory to biological conversion, and result in NOx and NH3
emissions under thermal conversion techniques. The high phosphorous levels in swine manure
can be an added-advantage to the biochar produced from thermal conversion of swine manure
solids acting as a fertilizer. The Dependence of end-product value on market prices and regional
regulations influence the technology selection criteria. This review outlines several points worthy
of further investigation to improve the applicability of these conversion processes.
2. Introduction
Livestock production has been an inseparable part of food production systems for
millennia. Through hunting first, and then by domestication, man managed to secure a
continuous supply of essential dietary components, i.e., protein and fat. The share of animal
4

protein and fat in the human diet, however, is not globally constant. In underdeveloped and
developing countries, carbohydrate-rich staples, such as grains, tubers or legumes are the main
sources of energy, with a smaller share of animal proteins and fats compared to diets in
developed and industrialized countries. Furthermore, as countries transition to a more developed
and industrialized stage, resulting in a corresponding increase in median incomes, diet
composition also changes to include more animal products [1]. Table 2-1 lists meat consumption
per capita in a sample of countries, representing different stages of industrial development, in the
years 1989, 1999, and 2009. In industrialized countries, advances made in the industries that
support livestock production, such as, feed production, transportation, and automation in
slaughterhouses and meat packing facilities pushed for an equally mechanized livestock
production model. This mechanization was realized through vertical integration of livestock
production with various upstream and downstream industries through contracts typically referred
to as “feeding contracts” [2].
Table 2-1 Meat Consumption (kg capita-1 year-1) in various countries [3]
Country

1989

1999

2009

Meat consumption (kg capita-1 year-1)
United States

113.2

124.7

120

Brazil

48.7

76.5

85.3

China

24.2

47.4

58.2

Egypt

15.6

21.5

25.6

Nigeria

8.0

8.9

8.8

India

4.0

4.0

4.4

These contracts organized livestock production between an integrator that usually owns
both the feed and the livestock, and the grower who owns the production facility and is
responsible for growing livestock to market specifications and management of generated wastes.
These contracts entail a baseline rate, paid by the integrator to the grower, per unit animal
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finished (usually per head of livestock) with additional incentives tied to the efficiency of
production, i.e., animal weight, feed conversion efficiency and mortalities [4]. This approach,
i.e., contracting, has essentially minimized price volatility and lowered risks to both growers and
integrators which were relatively higher in the spot (negotiated) market. This trend also
incentivized large investments by growers to expand growing facilities, to house a larger number
of animals to maximize returns through the economies of scale. This consolidation pattern has
been significant in the U.S. livestock sector since the 1970s, first with the poultry production
sector, then increasingly with both feedlot cattle and swine production.
Along with the increase in animal inventory and production density, a corresponding
increase in volumes of manure production followed. Based on the Department of Agriculture
quarterly inventory for the end of 2012, the total number of pigs, cattle and calves, and layer
hens was 66.3, 97.8 and 346 million head, respectively. The corresponding amounts of manure,
for each type of animal, can be calculated using the following manure production rates for swine,
cattle and layer hens: 4.67, 29.41 and 0.09 kg hd-1 d -1, respectively [5]. Thus, the total amounts
of manure generated daily by swine, cattle and layer hens are 0.30, 2.80 and 0.03 million metric
tons (MMT) per day.
Swine sales in U.S. markets showed a drop in open market sales from 62% to 8.1% of
total sales between the years 1994 and 2009 with an ancillary increase in the quality of pig sold
by contract [6]. That trend is closely related to the intensification trend observed in Swine
operations, during the same period [7]. Gradually, smaller, family-owned farms in the U.S. gave
way to industrialized, large-scale operations clustered in the Midwest and the Southwest regions,
close to feed production regions. The majority of the small- and medium -sized farms still in
business today cater mostly to the niche organic and premium pork markets [8].
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These structural changes brought significant improvements to the various elements of
livestock production, namely, lowering the number of farm workers per unit livestock sold,
improving feed rations leading to higher feed conversion efficiencies, and to advances in swine
breeding. This led to higher numbers of pigs per litter, and a drop in mortality rates. Between the
years 1992 and 2011, production volume in the swine sector (expressed in slaughtered pig
weight) showed an increase by more than 30% [9] making the U.S. the biggest net exporter of
pork meat globally [10].
Another facet of consolidation in the swine sector is the regional concentration of
production [11]. The majority of swine production in the U.S., today, is centered in the
Midwestern states: Iowa, Minnesota, Illinois, Indiana, Nebraska, and Kansas with the top-ten
producing states contributing more than 85% of the national swine inventory [12]. Surveys put
the total number of swine operations at 69,100 operations, 87% of which housing 2,000 head or
more [9]. In 2011, Arkansas total swine inventory was roughly 0.16% of the total U.S. swine
inventory with 107,000 head, divided between breeding swine inventory at 60,000 head and
market inventory at 47,000 head [13]. In the following section, an overview of the swine
production life cycle will be briefly presented with emphasis on the various types of swine farms,
and the corresponding manure management approaches.
3. Swine production life cycle, feed, and housing
Swine production facilities could be classified into one of the following categories:
(1) Farrowing farms which house pigs for the specific purpose of breeding and producing feeder
piglets that are then sold, (2) Feeder farms in which pigs are raised from birth to 60 pounds (lbs.)
and sold to grower-finisher farms, and (3) Grower –Finisher farms that raise small pigs to
market weight (260 to 270 lbs.). Alternatively, production is accomplished in Farrow-to-Finish
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farms in which the animal is raised from birth to slaughter weight on one farm. Figure 2-1 below
shows the various stages in a pig life cycle with the typical terminology used.
Most swine farms today raise more than 2,000 head per farm, in confined animal houses
using processed feed, while few farms still practice open feedlot grazing. Livestock housing can
be generally categorized into: ventilated concrete structures, “houses”, or open hoop structures
“feedlots” that are roofed and fenced but not walled. Animals under hoop structures are kept over
a bedding material (often corn stalks) that absorbs the manure initiating aerobic decomposition
(composting). During gestation and nursery phases, however, all pigs are kept in confined
(indoor) housing within separate stalls or pens for protection.
In concentrated production, animals are fed optimized rations composed mostly of a
corn-soybean blend, to ensure supply of nominal protein and energy to the animal. Phosphorous
(P) is added to feed rations in mineral form since pigs are incapable of digesting organicallybound P (phytate) that is already available in the feed [14]. Alternatively, a phytase enzyme can
be added to the feed to facilitate biological-P digestion [15].
In confined, indoor production, animals are kept on concrete floors that are partially or
fully slatted to facilitate cleaning and collection of manure (feces, and urine). Waste collects
through the slatted floors, in pits below the houses before being emptied out for treatment or
disposal. Deep pits (2.4 meters depth) act as a storage space, typically sized to hold a year’s of
production of manure, and as an anaerobic decomposition stage. This type of pit, however, was
found to be harmful to the animal health due to the evolution of ammonia (NH3), hydrogen
sulfide (H2S), and methane (CH4) emissions [16].
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Figure 2-1 Production life cycle of pigs
A study on the agitation and removal of deep pit slurry indicates severe increases in
concentrations of H2S, CH4, and NH3 emissions, which are potentially harmful to animals and
workers [17]. Several explosion incidents were reported in deep-pitted houses due to the flashing
of these flammable gases [18]. Alternatively, the under-house pits can be shallow pits where
manure is held for short intervals, typically 7 days, before being discharged to external storage.
Discharging shallow pits can be accomplished via a pull-plug (drained) system, or a flushed
system. Flushing is often accomplished by recirculating slurry liquids from the final manure
holding pond to minimize the consumption of clean water. In addition to controlling the animal
temperature, ventilation (natural, mechanical, or both) also work to remove the NH3 and other
volatile fatty acid (VFA) emissions from the houses. Emissions in swine houses can be further
minimized using pit ventilation, wet scrubbers, or oil sprinklers [19, 20].
In confined swine houses, manure is managed in a slurry form, unlike in feedlot hoop
structure production where manure undergoes partial aerobic decomposition (composting) and
evaporation of liquids until seasonal scraping and soil application. Only 15% of swine
9

production takes place in farms that practice solid handling of the manure (north central
Midwestern areas, mainly Iowa) while the remaining farms practice wet, slurry manure handling
[21]. To gain a better understanding of manure as a problematic waste, and a potential feedstock
for value-added products, characteristics and composition of manure were investigated. In the
following section, a brief review of manure characteristics and composition is discussed.
4. Swine manure composition and characteristics
A survey of the literature shows large variability in swine manure composition data. This
variability is attributable to the dependence of manure composition on animal feed, age, genetics,
and the manure handling system, which alters the properties and composition of raw manure.
Furthermore, manure composition data are often reported using different bases, i.e., as excreted,
or as-removed basis. The latter option, as-removed basis, takes into account the influence of the
handling method on the composition and the characteristics of the manure.
5. Biological Treatment of swine manure
Most swine farms utilize at least one type of biological treatment. In general, biological
processes target elimination of pathogens, weed seeds, and parasites to alter the manure
composition from a complex, malodorous effluent to an odor-free, plant-accessible one.
Furthermore, biological treatments decrease the manure nutrient loading thus minimizing the risk
of over application and nutrient runoff. Manure management in farms above 2,500 head falls
under the purview of EPA’s concentrated animal feeding operation (CAFO) rules [22]. Soil
application in such cases is regulated through a permitting process. Application permits are tied
to manure quality only from a nutrient loading perspective, unlike with municipal sludge in
which permitting tracks both composition, and pathogen loading before permitting soil
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application. Oversight also ensures that the targeted agricultural land is capable of assimilating
the intended manure volumes through soil nutrients analysis.
Table 2-2 below lists the various characteristics of swine manure for the animals at
different stages. It is clear that, regardless of age, the swine manure is predominantly water, with
the total solids making up only 10% of the wet weight of the manure.
Generally speaking, maintaining the manure matrix within thermophilic conditions (above
50°C) for a few days is sufficient to kill off the pathogens. Modification of manure composition,
however, is accomplished through a series of decomposition stages that break down the complex
organic species in the manure (proteins, fibers, fat, organic acids… etc.) into simple, short-chain
compounds while volatilizing a share of these nutrients in the form of gaseous emission; NH3,
CO2, CH4, and VFAs. This transformation, i.e., breakdown of complex organic species, is
achievable through biological processes, namely, aerobic and anaerobic digestion.
Table 2-2 Weight of pigs at different stages and the corresponding characteristics of
manure as-excreted [5]
Component
Avg. animal weight
Manure weight
Manure volume

Units
kg
-1

kg hd d
-1

L hd d

-1

-1

Gestating sow

Lactating sow

Boar

Nursery

Grow-to-finish

200

192

200

12

70

4.99

11.32

3.79

1.098

4.54

5.11

11.62

3.74

1.090

4.80

90.0

90.0

90.0

90.0

90.0

Manure moisture

(%)

Total solids (TS)

-1

-1

0.50

1.13

0.38

0.125

0.45

-1

-1

0.46

1.04

0.34

0.110

0.38

-1

-1

0.17

0.38

0.13

0.042

0.15

kg hd -1 d -1

Volatile solids (VS)
Biological oxygen
demand (BOD)
Nitrogen (N)
Phosphorous (P)
Potassium (K)

kg hd d
kg hd d
kg hd d

0.03

0.09

0.03

0.011

0.04

-1

-1

0.01

0.02

0.01

0.002

0.01

-1

-1

0.02

0.05

0.02

0.004

0.02

kg hd d
kg hd d

5.1. Aerobic decomposition (composting)
This process has been in practice as part of animal farming for centuries. Aerobic digestion
functions as a treatment process that reduces odors and moisture, in addition to eliminating
11

pathogens and improving the manure characteristics as a soil conditioner. Aerobic decomposition
is accomplished through a series of oxidation and mineralization stages carried out by aerobic
microorganisms [mesophilic and thermophilic], which transform the biomass matrix into a
stabilized, humus-like substance [23]. The following formula describes the composting process
requirements, and outcomes [24]:
+

+

+

+

…

The elevated temperatures achieved during activation of thermophilic bacteria trigger increases
in the rate of carbon and nitrogen mineralization. Partial aerobic digestion occurs naturally in the
bedding mixture (crop residue, and animal manure) under hoop structure swine feeding. The
bedding-manure mixture is often allowed to continue compositing, between herds, by scraping it
into piles or windrows [25]. In wet-handling systems, where manure is flushed and collected in
lagoons, a solid-separation step is necessary to increase the solid content in the matrix, and thus
facilitate aerobic conditions.
The composting process is judged to be complete based on the levels of microbial activity
and the phytotoxicity of the decomposed matrix [26]. The process can be divided, from a
temperature standpoint, into three consecutives stages: heating phase, thermophilic phase, and
cooling phase. The heating phase is typically the shortest and it starts immediately after mixing
the biomass and setting the piles. This stage typically lasts 1 to 3 hours, during which the
compost pile temperature increases rapidly from ambient to thermophilic levels, above 50°C.
These temperatures are maintained throughout the thermophilic phase, the duration of which
depends on the quality of the mixture, and the aeration levels. During this stage, mineralization
and oxidation rates are at their highest, resulting in a volatilization of NH3, CO2, and moisture.
This phase is instrumental in killing off pathogens, parasites, and weed seeds, which is why
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recommendations maintain that for the compost to be deemed safe, it should remain in this stage,
at 55°C, for at least three days [27]. The last stage, cooling and stabilization, is typically the
longest and it ends with the material fully degraded and pathogen-free.
Proper management of the process parameters (aeration, C: N ratio, moisture, pH, and
temperature) leads to a stabilized, pathogen-free compost within a suitable timeframe. C and N
levels in manure (C: N ratio) are not sufficient to initiate and sustain composting by itself, Table
2-3. Therefore, the first step to initiate manure composting is to ensure a suitable C: N ratio,
usually by introducing a carbon-rich source, i.e., wood chips, sawdust, or crop residue to adjust
the C: N ratio to the recommended range: 25 to 35, and the moisture content between 50-60%
w/w [28]. Excessively high temperatures (>60°C), or rapid drying of the pile were shown to
result in rapid decomposition in the initial phase but also results in limited activity of bacterial
communities, and consequently termination of the composting process [24]. Influence of aeration
rates, both continuous and intermittent, on maintaining thermophilic conditions for a mixture of
swine manure separated solids and peat moss in an in-vessel composting setup was investigated
[29]. The C: N ratio dropped from between 15:1 and 18:1 to between 10:1 and 14: 1 within 15
days of composting. Similarly, the pH of the mixture decreased from near neutral to acidic range
(5.2 to 6.9). Intermittent aeration regiment, at rates between 0.04 and 0.08 liters per minute per
kg of volatile matter (l min-1 kg VM -1), was recommended to achieve pathogen-eradication (above
55°C for 3 days) and odor control without volatilizing the organic matter content in the mixture.
Similarly, changes in C: N ratio during composting of household waste were found to be the
smallest for both low and high initial C: N ratio, i.e., 11, and 39, respectively [30]. Changes in
chemical composition during a 63-day composting experiment of pig manure mixed with
sawdust in pile composting were investigated [31]. A rapid decline in organic-C from 45% to
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36% within the first 14 days was observed, followed by a gradual decline for the remaining
duration, totaling a 10% drop throughout the process. As part of the decomposition and
mineralization stages, however, swine manure was found to lose up to 72% of its organic C and
60% of the total N through emissions [32]. Most of these losses are in the form of CO2 and NH3,
and much lower rates of CH4 and N2O. The various greenhouse gas (GHG) emissions from
turned and unturned compost piles of dairy manure and bedding material mixtures were
monitored over 80 days [33]. Higher GHG emissions from turned piles, 1.98 kg of CO2
equivalent per kg of degraded volatile solids (kg CO2-eq kg VS degraded-1), were reported in
comparison to unturned ones, 1.55 kg CO2-eq kg VS degraded-1. CO2 emissions accounted for 75-80%
of GHG emissions, followed by CH4, at 18-21%, then finally N2O at 2-4%. Close accounting of
this particular aspect of composting, GHG emissions, is necessary when selecting the most
environmentally sustainable approach to manure utilization.

Table 2-3 Typical composition of animal manure in mg kg-1 fresh waste [32]
Dry matter

Organic C

Total N

NH4-N

pH

Liquid manure/slurry (g kg-1)
Cattle

15-123

3.8-36

2.0-7.0

1.0-4.9

7.1-8.4

Pig

4.9-152

1.0-65

0.6-7.8

0.3-6.6

6.7-8.9

Poultry

10-367

11-112

2-21

1.9-9.4

7.9-8.8

Solid manure (g kg-1)
Cattle

140-300

65-126

4.2-8.1

0.3-2.0

8.6

Pig

150-330

42-132

3.5-11

0.5-6.0

8.1

Poultry

220-700

103-597

10-58

2.4-18

7.6

5.2. Anaerobic digestion (fermentation)
In large confined swine houses, anaerobic digestion takes place in the manure collection
pit under the swine houses, and in the final storage lagoons. This process requires anaerobic
conditions (oxygen-free) to activate certain bacterial and microbial communities that digest the
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organic matter. The anaerobic bacteria convert complex manure substrate to an effluent of
degraded humic acids, and a mixture of gases (CH4, CO2, NH3, and N2O). This process is
practiced widely on U.S. swine farms in manure collection lagoons prior to the annual, or biannual, land application. Most of these lagoons, however, are not covered, which means the
process only occurs within certain anaerobic zones of the lagoon. Furthermore, since most farms
do not actively flare or collect volatilized gaseous species resulting from digestion, these gases
become a prominent source of GHG emissions in agriculture. CH4 and N2O emissions between
1990 and 2011 from U.S. manure management were found to have increased from 31.5 to 52.0
Tg CO2-eq, and from 14.4 Tg CO2-eq to 18.0 Tg CO2-eq, respectively [34]. These increases were
attributed, in addition to expansion of size of production units, to the spread of liquid handling
and storage in dairy and swine production. Few U.S. farms practice an active digestion process
using a covered anaerobic digester where temperature, pH and organic matter loading are
controlled, and where the resultant energy-positive gas (biogas) is burnt for heat, energy or both.
Steady operation of these digesters is often challenging due to the complexity and the
interdependencies in the process. The following section will outline the main factors that control
this process.
5.2.1. Anaerobic digestion stages
Anaerobic digestion is a sequential process, as shown in Figure 2-2, with different groups
of bacteria carrying out different tasks to fully digest the biological substrate. After the initial
hydrolysis of soluble components (hydrolysis), acidogenic bacteria transform complex organic
acids into volatile fatty acids (VFAs), which are transformed to acetate using acetogenic bacteria
[35]. The VFAs were shown to be critical components that can decrease the pH of the mixture
thus damaging the pH-sensitive acetogenic and methanogenic bacteria. Changes in the VFAs
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concentration after inducing perturbation (changes in hydraulic retention time of substrate,
temperature, and organic matter loading) to the anaerobic digestion of a cattle-swine manure
mixture were monitored [36]. They concluded that tracking concentrations of individual VFAs,
isobutyrate and butyrate, might be a good indicator of the stability of the digestion process, as
opposed to tracking the overall concentration of VFAs. Ammonia (NH3) is another product of
the acidogenesis that was found to have an inhibitory effect on the digestion process. The
anaerobic digestion literature indicates a wide range of ammonia concentrations, 1.7 to 14 g l-1
total ammonium nitrogen (TAN), which can reduce CH4 production by 50% [37]. Swine manure,
due to its high NH4-N and sulfide contents, was proven to be challenging in anaerobic digestion
studies [38, 39]. To overcome this challenge, a carbon-rich source such as crop residue, glucose
or glycerol is added to the swine manure to adjust the starting C: N ratio. The influence of crop
residue additives of wheat straw, corn stalks, or oat straw, and the C: N ratio (16, 20 and 25) on
the gas yield from anaerobic digestion of swine waste was investigated [40]. Increasing the C: N
ratio within this range showed increases in the yields of both the CH4 and the total biogas. Wheat
straw blends showed significantly lower CH4 and biogas yields at all C: N levels when compared
to corn stalks and oat straw blends. This was explained by the fact that wheat straw contained
much higher lignin content. Lignin is inaccessible to most digestive bacteria, in comparison to
the other crop residues.
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Figure 2-2 Biomass transformation with the various stages of anaerobic digestion [41]
5.2.2. Mesophilic and thermophilic digestion
Anaerobic digestion can be accomplished at two different temperature ranges; mesophilic
(25°C -35°C), and thermophilic (50°C -55°C). Differences between mesophilic (37°C) and
thermophilic (55°C) anaerobic digestion on the removal of chemical oxygen demand (COD),
biogas production, and CH4 production were studied [42]. Small differences in COD reduction,
63% versus 67%, and volatile solids (VS) reduction, 64% versus 65%, were observed between
mesophilic and thermophilic conditions, respectively. CH4 production was lower in thermophilic
conditions when compared to mesophilic conditions, 3.3 versus 3.5 l l reactor volume-1 day-1.
Conversely, biogas yields, and CH4 concentrations in the biogas under thermophilic conditions,
494 - 611 l kgvs-1 and 59.8-61.7%, were higher than under mesophilic conditions, 315 - 419 l
kgvs-1 and 56.9-57.7%, for the anaerobic digestion of three different maize varieties [43]. High
temperature fermentation (thermophilic) increases the metabolisms of bacterial communities but
at the same time it results in accumulation of VFA and, in case of high-protein and urea
substrates, results in an accumulation of NH3 [44]. In a study of swine manure anaerobic
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digestion, increases in free NH3 concentration (0.75 to 2.6 g N l-1), VFA accumulation (g acetate l-1)
and a decrease in methane yield (188 to 22 ml CH4 g VS -1) were observed with temperature
increases [39].
Reluctance to adopt anaerobic digestion could be attributed to the complexity of the process,
and its need for continual monitoring and control. Furthermore, digestion of nitrogen-rich sludge,
such as swine manure, are more challenging due to the toxic effect of the liberated NH3 [45].
According to data compiled by AgSTAR, an EPA program to promote CH4 mitigation projects
in the livestock sector, only 260 anaerobic digesters are operational on U.S. farms in 2014 with
only 39 digesters operational in swine farms [46].
6. Thermochemical conversion of manure
This class of processes is the oldest known technologies to convert organic and biological
residues to energy. Thermochemical conversion processes include: incineration, gasification,
pyrolysis, hydrothermal gasification, and carbonization. Each of these processes utilizes elevated
temperatures, a different range for each process, aided by an oxidative or an inert agent to
facilitate chemical transformations. Thermochemical conversion of fossil fuels, wood and crop
residues targets the production of heat and/or power, while the conversion of medical waste and
municipal sludge targets the destruction and stabilization of hazardous waste. In this section,
both common thermochemical routes such as combustion, gasification, and pyrolysis and also
the less common routes such as hydrothermal conversion, and carbonization is discussed.
6.1. Combustion
Arguably the most important discovery in human history, fire enabled man to harness
energy contained in organic matter for heating and cooking. The energy content in both
fossilized organic residue (coal, petroleum and natural gas) and recent organic biomass (forest,
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crop or livestock residue) is embedded in the hydrocarbon bonds which can be released under
oxidative conditions using heat. This embedded energy can be directly correlated with the
hydrogen (H), carbon (C), and oxygen (O) contents of the feedstock. Figure 2-3 below shows the
dependency of heating value of common solid fuels on their atomic ratios of C, H and O.
Biomass sulfur (S) and Nitrogen (N) have also been incorporated in heating value correlations
[47]. The combustion process can be broken down into a set of sequential steps: drying, pyrolysis
(devolatilization), gasification, char combustion, and gas-phase oxidation.
Under atmospheric pressure (101.3 kPa) and at temperatures above 100°C, the biomass
moisture evaporates at rates dependent on the particle size, and the vapor pressure in the
surrounding space. Then, pyrolysis of volatile organic species takes place at temperatures
between 250°C and 500°C. This range varies according to the biomass type, and based on the
size of biomass particles. At higher temperatures, 600°C to 1200°C, exothermic heterogeneous
reactions (gas-solid gasification, and char combustion) and exothermic homogenous reactions
(gasification, and gas combustion) take place. These reactions release thermal energy and flue
gas (CO2, H2O, NO2, and SO2), in addition to an inert ash residue. The embedded energy in an
organic molecule is the enthalpy of the complete oxidation of its hydrocarbons, into oxides and
water. This enthalpy is typically measured as either the higher or lower heating value (HHV or
LHV). Higher heating value (HHV) refers to the energy released upon oxidation of a unit mass
of the feedstock taking into consideration the enthalpy of vaporization for the generated water.
LHV, by contrast, accounts only the oxidation enthalpy. The following correlation [48] can be
used to calculate one from the other, in units of MJ kg-1:
HHV = LHV + 21.978*H

, where H is the hydrogen weight fraction in the sample.
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The heating value for a feedstock is the main characteristic that determines whether it could be
logistically and economically used as an energy source.
Various models were developed to predict the heating value of biomass from the ultimate
composition (C, H, N, O, and S), or proximate composition (volatile matter [VM], and fixed
carbon [FC]), or alternatively using the chemical proximate composition (cellulose,
hemicellulose, and lignin) [49]. Models based on ultimate analysis: C, H, and O were found to be
the most accurate in predicting the higher heating values in biomass [50].
Adoption of biomass feedstock as fuel that replaces fossil fuels is problematic due to the
low energy density of biomass, the large variability in biomass composition, and heating value.
This complicates large-scale applications that utilize biomass from multiple sources. Animal
waste, even more so than lignocellulosic biomass is problematic for thermochemical conversion
due to its high moisture, minerals (ash), protein and its rapid degradation with handling and
storage. Thermochemical processes, except for hydrothermal ones, require the biomass to be
sufficiently dry, below 30% moisture content, wet basis, to avoid wasting the supplied heat
energy on volatilizing biomass water. Liquid-solid separation of manure slurries can effectively
reduce the manure water content from >90% to 60%. Mechanical, chemical, and gravitational
separation technologies have all been employed to separate swine manure into solids-rich and
liquids-rich fractions [51]. Similarly, dewatering swine manure and blending it with dry
lignocellulosic feedstock can drastically improve the energetics of swine manure conversion. The
energy requirements to produce 1 kg of char via pyrolysis from manure slurry, manure separated
solids, and a manure-rye grass blend were calculated. A net energy requirement of 232 MJ for
each kilogram of char produced from flushed manure, at 97 wt. % water, was reported, compared
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to 12.5 MJ in dewatered manure (75 wt.% water), and 0.5 MJ in dewatered manure blended with
rye grass [52].
The parameters that determine the combustion efficiency for animal waste were
investigated [53]. Direct combustion was reported to be the most readily applicable technique,
from both technological and economic perspectives. Nonetheless, the high mineral (ash) and S
contents were mentioned as the main challenges facing all conversion routes. The presence of Si,
Cl, and alkali elements in biomass ash was shown to cause fouling and slagging; both
phenomena are damaging to incineration units [54]. These phenomena occur as a result of the
formation of alkali silicates, and alkali sulfates which deposit on incinerator walls and grates.
Table 2-4 below lists the typical higher heating values for both common fossil fuels, and
different biomasses.

Figure 2-3 Compositional differences and the corresponding heating value (adapted from
Van Krevelen diagram) [54, 55]
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Table 2-4 Typical higher heating values (HHV, MJ kg-1) for various hydrocarbon energy
sources [54, 55]
Feedstock
Bituminous coal
Peat
Cellulose
Lignin
Poplar wood chips
Oil shale
Wheat straw
Corn stover
Rice straw
Poultry litter
Cattle manure
Swine manure

HHV
(MJ kg-1) -dry basis
31.60
21.22
17.30
26.70
20.75
12.44
17.55
18.10
15.95
17.14
17.36
19.70

Several slagging and fouling indices were developed to help relate composition and
alkaline minerals in particular, to the biomass slagging and fouling tendency. One of the
common measures to monitor slagging and fouling upon co-firing agricultural and biomass
residue is to determine the weight of alkali oxides (potassium and sodium oxides) per unit energy
(heat) in the fuels used. A study recommended setting an upper limit for alkali levels in fuel, 0.17
kg GJ-1, pointing out that slagging is likely to occur at alkali levels of 0.34 kg GJ-1 or more [56].
Biomass Sulfur and chlorine were found to be instrumental in fouling and minerals deposition
mainly due to the formation of alkali sulfates and chlorides that condenses on fly-ash, gas exits
and downstream. The interaction of K and P with Si and Ca, on the other hand, is responsible for
the formation of agglomerates in fluidized bed incinerators [57].
The most common incinerators that are used with biomass are grate, or fluidized-bed
systems that are more flexible to the fuel type, followed by suspension burners which only allow
for co-firing biomass at certain ratios (25% by energy share) with specific moisture, ash content
and particle size requirements [58].
Manure ashes resulting from incineration at 700°C were investigated [59]. High pH (>10)
along with increased concentration of P, K, and heavier metals such as zinc (Zn), copper (Cu)
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and manganese (Mn) were observed for all ashes. No N was detectable in the manure. P
concentration in ash residue, the highest in swine manure ashes, was around 10% - 12%. These P
levels are similar to these found in phosphate rocks, which are used regularly as soil amendment.
The ash-P, however, is not water –soluble therefore requires an acid digestion step in order to
make it accessible to plants. Impact of incineration temperature of solids on plant-available P in
the swine manure ash was investigated [60]. Temperatures of 700°C, or above, were found to
result in the formation of an insoluble crystalline form of phosphorous (hydroxyapatite,
Ca5(PO4)3(OH)). Low-temperature incineration or gasification technologies (400°C -700°C)
were recommended in order to retain the functionality of ash-bound P. In other words, there
exists a trade-off during manure incineration between the energy yield and the phosphorous
quality in the incineration residue.
6.2. Gasification
Gasification is a thermochemical process that takes place in a starved air environment
(low oxygen) in which biomass particles undergo drying, devolatilization, solid-gas and gasphase reactions that produce char, a producer gas, and a small fraction of condensables. This
process takes place typically at temperatures, between 700°C and 1,000°C, lower than those
associated with incineration. Exact gasification temperature depends on the type of feedstock
used. Coal, for instance, has a low volatile matter content and low reactivity, which translate to
higher reaction temperatures. Biomass, conversely, have a much higher volatile matter content
(around 80% of dry weight) and a more reactive char due to the catalytic effect of the ash alkali
minerals. Biomass is, therefore, typically gasified at temperatures between 600°C and 800°C.
The goal of this process is the production of an energy-rich blend of gases, “producer
gas”, which can be combusted in boilers, internal combustion (IC) engines or gas turbines. This
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blend consists of carbon monoxide (CO), hydrogen (H2), methane (CH4), nitrogen (N2), and
carbon dioxide (CO2), and trace gases. In addition to direct combustion in gas-burning systems,
the producer gas can be purified and catalytically upgraded through the Fischer-Tropsch (F-T)
process to produce liquid hydrocarbons [61]. The producer gas, however, must undergo a
catalytic reforming step first to adjust the ratio of hydrogen to carbon monoxide above unity,
H2/CO >1, and also to convert all CH4 and higher hydrocarbons to CO and H2 [62]. The FischerTropsch reaction, shown below, proceeds at a temperature between 200°C to 250°C, and
between 25 to 60 bar pressure [63]. The output products are liquid long hydrocarbon chains,
C5+, along with a byproduct gaseous fuel that is suitable for power production in gas turbines
[64]. Adjusting the H2/CO to values around 2 can be achieved through the water gas shift
reaction:
CO + H2O = CO2 + H2
CO + 2H2

- (CH2) - +H2O

-41MJ kmol-1 (Water-gas shift reaction)
-165 MJ kmol-1 (Fischer-Tropsch reaction)

6.2.1. Gasification reactions
The gasification efficiency depends on numerous parameters, such as, the reaction
temperature, the heating mode (auto-thermal or externally heated) the amount of oxidant present
(typically oxygen) in the reaction volume per mole of biomass, the use of a catalyst, the physical
and chemical characteristics of the biomass particles, and the type of gasification system used.
The gasification reactions, shown below, commence after the biomass feedstock undergoes
drying and devolatilization [65]. In addition to these reactions, volatile elements (N and S) are
also devolatilized and released with the producer gas in the form of ammonia (NH3), hydrogen
sulfide (H2S), hydrogen cyanide (HCN), and nitrous oxides (NOx).
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1. Combustion reactions
C+ ½ O2 = CO

-111 MJ kmol-1

CO+½ O2=CO2

-283 MJ kmol-1

2. The Boudouard reaction,
C+CO2

+172 MJ kmol-1

2 CO

3. The water gas reaction,
C+H2O

CO+H2

+131 MJ kmol-1

4. The methanation reaction,
C+2H2

-75 MJ kmol-1

CH4

5. Methane steam reforming,
CH4 + H2O

CO + 3H2

+260 MJ kmol-1

Aside from atmospheric air, the following agents: pure oxygen, steam, carbon dioxide or
blends of these oxidants can be used as the gasifying agent [66, 67]. The thermodynamic
efficiency of the conversion, however, suggests that energy-intensive oxidants such as pure
oxygen or steam should only be used with high calorific value feedstock.
The amount of oxidant introduced during gasification is typically defined as the
equivalence ratio (ER), which is the ratio of oxidant supplied during gasification to the amount
of oxidant necessary for complete oxidation (combustion). This ratio, typically less than 1 for
gasification, depends on whether the heat necessary for gasification is generated internally from
exothermal reactions (auto-thermal mode) or an external heat source is utilized. Ideal ER values
are typically higher when the gasification is in auto-thermal mode. Literature data on biomass
gasification was used to evaluate the thermodynamic efficiencies (both first and second law of
thermodynamics efficiencies) of auto-thermal gasification as a function of the ER [48]. The ideal
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ER for wood chips, sawdust and rice husk autothermal gasification was found to fall between
0.36 and 0.40. Efficiency of biomass energy conversion varied between 52 % and 77%, whereas
the exergy efficiencies (from the 2nd law of thermodynamics) ranged from 36% to 50%. In this
context, exergy is the energy able to do work in a system.
Given that most biomasses contain O2 as part of their structures, the gasification process
can be accomplished possibly without supplying an external oxidant. This approach could be
beneficial since the use of air as the gasifying agent also means the dilution of the product gas
with air nitrogen (78.09 vol. %). An external source of heat, however, is necessary when no
gasifying agent (oxidant) is supplied since all devolatilization reactions: the water-gas reaction,
and the Boudouard reaction are endothermic. Supplying a gasifying agent, on the other hand,
could eliminate the need for external heat beyond the startup (autothermal mode) since the
exothermic reactions, full- or partial- oxidation reactions, can maintain the conversion.
Supplying hydrogen and/or oxygen during gasification were shown to be necessary if the fuels
are located above the solid carbon boundary, on a C-H-O ternary diagram, upon chemical
equilibrium [68]. The solid carbon boundary (also known as carbon deposition boundary) is a
function of the reaction temperature and it determines whether the original carbon will form solid
carbon deposits, or react forming gaseous species at equilibrium [69]. Figure 2-4 plots a biomass
waste; swine manure separated solids (SMSS), with the molecular formula CH1.69O0.5 on a C-HO triangular (ternary) diagram. The area surrounded by dotted lines indicates an equilibrium state
between gaseous species and solid carbon (i.e., gasification region). In the region above the
gasification region, only solid carbon exists, while below it only fully-oxidized carbon gaseous
species are present.
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The type of oxidant used also determines the gaseous species generated. Similarly, the
amount of oxidant supplied controls the process efficiency. Gasification efficiency is often
expressed in terms of the ratio of chemical energy contained in the producer gas, discounting the
sensible heat, to the calorific value of the original biomass. Generally speaking, ERs between
0.20 and 0.40 were found ideal to cross the carbon deposition boundary without oxidizing the
generated valuable gas species [68, 70, 71]. Optimum value of ER, however, is a function of the
composition of the biomass, and the type of gasification platform used.

Figure 2-4 A ternary C-H-O plot illustrating biomass waste gasification using either air or
steam as the gasification medium
6.2.2. Types of gasifier
a.

Fixed-bed gasifier
Biomass gasification has been investigated and adopted commercially in different gasifier

configurations. Generally speaking, gasification platforms resemble combustion units in terms of
the feeding mechanisms and reactor types. These systems are typically classified, according to
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the interface between the feedstock and the gasifying agent, into: fixed bed and moving bed
gasifiers. Biomass feed is introduced into fixed- bed gasifiers through a metered or gated
entrance where it moves gradually, by gravity, across the various reaction zones. The feedstock
is typically stacked within the gasifier and it is incrementally fed as part of the stack is reacted
away into producer gas, char, and tars. Therefore, the stages of the gasification process; drying,
devolatilization (pyrolysis), combustion and char gasification (Reduction) proceed within distinct
stratified zones in the biomass stack. Correspondingly, the temperatures inside a fixed-bed
gasifier are also stratified, and dependent on the thermodynamics of reaction taking place in each
zone.
Fixed-bed gasifiers are classified into: downdraft, updraft, and cross draft systems, based
on the relative movement of the producer gas with respect to the feedstock. Among fixed-bed
systems, downdraft gasifiers are the most common due to their ease of operation, and the
superior quality of producer gas (low tar and condensables) compared to other fixed gasification
systems [72]. Tar and condensables are undesirable outcomes of the gasification process due to
the fact that they are deposited on low-temperature surfaces, typically downstream, causing
blockages and large pressure drops. Furthermore, in applications where the producer gas is
directly fired, the tar content corrodes the combustion chamber and forms undesirable deposits.
A survey of commercial gasification systems showed that 75% of these systems are
down-draft gasifiers while updraft type systems accounted for only 2.5% [73]. Agglomeration,
formation of an ash-layer as well as condensation in upper parts of a countercurrent (updraft)
laboratory-scale gasifier was reported with nutshells, and olive husks gasification [74].
The impact of the equivalence ratio (ER) on downdraft gasification of corn straw was
studied [75]. A drop in the tar-to-producer gas ratio was reported when increasing the ER from
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0.18 to 0.41, from 7.2 g Nm-3 to 4.6 g Nm-3 (Nm3 is a cubic meter normalized to standard
temperature and pressure conditions, 25°C and 101.3 kPa). Tar yields are generally higher in
fixed bed gasifiers, representing between 12 wt. % and 20 wt. % of the carbon in the biomass,
compared to tar in fluidized-bed systems, 4.3 wt. % of biomass carbon at 750°C [76]. The
formation and cracking of tar in gasification systems will be discussed later in detail.
The stratification of the reactive zones in fixed-bed systems is a major drawback,
especially with manure gasification, since it results in the formation of hot spots and
agglomerations. The effects of blending cow manure with sawdust, at different mixing ratios, on
gasification efficiency in a downdraft gasifier was investigated [77]. They reported drops in the
reduction zone temperatures, the producer gas heating value, and the conversion efficiency with
increasing the ratio of cow manure in the blends from 0% to 90%. The low conversion
efficiency reported with cow manure was attributed to the fact that fixed carbon content in the
manure was higher than in sawdust which translates to more endothermic char reduction
reactions that cause a decrease in the temperatures and the conversion efficiency. Pelletized
poultry litter was gasified in a commercial downdraft gasifier at temperatures between 825°C
and 925°C [78]. Interruptions in gasification were reported due to the formation of clinkers
(fused ash particles) in the reactor bed.

b.

Fluidized-bed gasifier
Compared to fixed-bed conversion, fluidized-bed gasification is a relatively newer mode

of conversion. It was quickly established as rapid and efficient options that are also suitable for
up-scaling. A fluidized gasification bed consists of an inert, thermally-stable media such as
silica, olivine, or alumina particles, mixed at times with specialty catalysts for tar reforming. As
the feedstock is fed into the reactor, this inert media serves as the heat-transfer medium that
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facilitates conversion. The heat transfer is orders of magnitude higher than that achieved in fixed
bed reactors due to the fluidization of the biomass-bed material mixture, which increases the
contact between hot media and ambient biomass particles. Unlike in fixed-bed reactors, the
fluidized bed does not have thermal stratification or distinct conversion zones (isothermal
conditions), which helps achieve steady-state operation faster. In fluidized bed gasification, both
the drying and the devolatilization stages occur nearly instantaneously once the biomass enters
the reactor bed.
Fluidization of the bed material and biomass is achieved through purging continuous,
uniformly-distributed, upward gas flow (often air-nitrogen mixtures). The velocity of this gas
flow falls between the minimum fluidization velocity and the particle terminal velocity. This
velocity, referred to as the fluidization velocity, ensures that both the bed media and the biomass
particles remain suspended in the reactor without settling or entrainment in the gas flow. The
ratio between reactor height and diameter in fluidized beds varies but is often around 10, as
shown in Table 2-5. This is important to ensure that both biomass particles and devolatilized
species are allowed sufficient time to react and to achieve equilibrium. Furthermore, fluidized
bed reactors are designed so as to minimize the elutriation of partially-reacted chars or residual
ashes with the producer gas, causing blockages and corrosion downstream.
The reactor bed is the lower segment of the reactor, with a height equivalent to 1 to 1.5
times the reactor diameter. This section is where the heat-transfer media is mostly located in a
suspended mode (dense phase). The remainder of the reactor is referred to as the freeboard and it
is occupied mainly by gaseous species (non-dense phase) with some partially-reacted solids that
are elutriated in the gaseous phase (emulsion phase). Detailed models were developed to predict
the quality of the producer gas from fluidized bed biomass gasification [79, 80]. In fluidized-bed
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gasification, feedstock preparation, i.e., drying, and comminution is necessary to ensure uniform
feeding and rapid devolatilization and to avoid carryover of loose, buoyant unreacted fragments
into the gas stream.
In addition to the bubbling fluidized system described above, circulating fluidized bed
conversion is also utilized in biomass conversion. This system, unlike a bubbling fluidized bed
unit, consists of two reactors connected in-series to form a closed loop for the solids. The
fluidization velocities are higher than in bubbling fluidization. Correspondingly, char particles
are entrained out of the first reactor and are allowed to react in the secondary-bed with the
residues collected and circulated back using gravity to the main reactor bed. In the following
section, a brief survey of the main findings in the literature on fluidized bed gasification of
biomass feedstock will be presented with an emphasis on manure gasification studies.
Table 2-5 . Survey of literature bed diameter and total height from fluidized bed systems
studied in biomass gasification
Reactor diameter, D (mm)
40.0
229.0
150.0
300.0
150.0
53.5
100.0
30.0
200.0
100.0

Reactor total height, H (mm)
1,400
1,728
1,200
2,500
1,400
530
1,000
400
6,000
6,500

H/D (-)
3.5
7.5
8.0
8.3
9.3
9.9
10.0
13.3
30.0
65.0

Reference
[66]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]

The influence of temperature, between 900 K (627°C) and 1,000 K (727°C), on
gasification of feedlot cattle manure in a fluidized bed system was evaluated [81]. Burner gas,
generated from propane-air burning, was used as the fluidizing-gasifying agent. Yield and higher
heating value of producer gas were 0.54 Nm3 kg-1 and 19.53 MJ Nm-3, respectively. The use of
burner gas as gasifying agent has evidently enriched the producer gas with combustion
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hydrocarbons. The yield of energy-rich gases, i.e., H2, CO, and CH4 were 38.7%, 26.1% and
14.7% of the dry produced gas composition.
Influence of gasification parameters, such as, ER, bed temperature, freeboard
temperature, and the presence of a tar reforming catalyst (calcined dolomites: MgO. CaO) on
quality of producer gas was evaluated [90]. The ER was shown to be the most influential factor
in determining the quality of the producer gas and the amount of tars generated. ER values
between 0.25 and 0.30 were recommended for optimal conversion. Increasing the H/ C ratio in
the reactor was shown to be instrumental in improving the gas quality and minimizing the tar
formation. Ideal H/C was found to be 2.2. Reactor bed temperature (> 800°C) and freeboard (>
600°C) were shown to be influential in improving carbon conversion, and tar destruction.
However, temperatures above 800°C typically result in agglomeration, especially with high-ash
feedstock, such as, manure. Quality of the producer gas under steam gasification of manure was
studied as a function of bed media (Ni-Al2O3, or silica sand) and bed temperature [85].
Temperatures were varied between 540°C and 656°C which are lower than typical
agglomeration or sintering temperatures. The use of catalyst, versus silica sand, resulted in a
four-fold increase in H2 yields and two-fold increases in CO and CO2 yields.
6.2.3. Ash content and agglomeration
Ash reduction could be achieved by blending the high-ash manure with a low-ash
feedstock, as well as using acid washing. Soaking biomass in diluted acid was shown to be an
effective approach to eluting the ash minerals out of the biomass matrix. In a study of swine and
hen manures, acid washing resulted in a drop in inorganic minerals (Fe, Ca, K, Zn, P and S),
coupled with a similar drop in the char reactivity [91]. The reduced char reactivity was found to
be closely related to low Ca concentration in acid-washed manures. Two approaches for ash
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reduction: washing (soaking) and fractionation, i.e., removing <1 mm particle size fraction, were
studied as pretreatment for peach stones gasification [92]. A drop in the ash content under both
treatments was reported despite the formation of ash deposits with untreated as well as with the
treated samples. Fractionation was shown to increase the ratio of potassium in the ash causing
aggressive deposits when compared to untreated and soaked feedstock gasification. High-ash
residues such as olive flesh and sugarcane trash were found to have a low agglomeration
temperature making them a problematic feedstock for gasification. Wheat straw was also shown
to agglomerate in gasification silica beds at 800°C, causing defluidization at a temperature well
below nominal ash fusion temperatures for wheat straw, 1054°C [93]. Fusion tests on biomass
feedstock samples were shown to overestimate agglomeration temperatures leading to
unexpected operation interruptions [94]. Furnace testing of silica sand-wheat straw mixtures at
varying ash ratios and furnace temperatures showed gradual increase in agglomeration and the
bonding of the mixtures into hard brittle structures. Potassium oxide (K2O), which has a melting
point of 350°C, constituted 36.2% of the straw ash. Accordingly, potassium was cited as the
reason behind the premature agglomeration occurrences. Controlled agglomeration testing
showed that agglomeration in both biomass gasification and combustion commences by
depositions on bed particles forming a homogenous sticky layer enriched in potassium and
calcium silicates, followed by a thin outer layer of finer particles [95]. They showed that in
gasification or combustion of sulfur-rich feedstock, a separate salt-melt phase initiated a glueeffect which bound bed particles causing large pressure drops in the reactor bed (defluidization).
High K2O and Cl contents in the agglomerated sand formed after fluidized-bed gasification of
palm tree residues [96]. Two parameters were cited which could help predict sintering in
fluidized bed biomass gasification:
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1. (K2O+Na2O)/SiO2 > 1,

and

2. K2O + Na2O/HHV > 0.34
In addition to biomass pretreatment or blending, various minerals have been studied and
found to mitigate the adverse effects of ash when used as bed media or bed additive. Examples of
these materials include limestone, calcite and high-melting point oxides (MgO, Fe2O3, CaO and
Al2O3). Agglomeration and defluidization temperatures for three biomass types; Giant Reed,
sweet sorghum bagasse, and olive bagasse with two different bed media; quartz and olivine were
investigated [97]. Olivine showed slightly higher defluidization temperatures than those
observed when using Quartz under all biomass types. Defluidization temperatures ranged
between 785°C, and 830°C, except for olive bagasse in the olivine bed which did not show
agglomeration even above 850°C. The high potassium content in tested biomass ashes; 30.0%,
31.6% and 25.8% for giant reed, sweet sorghum and olive bagasse, respectively, was cited as the
cause behind sintering. The effect of bed media (calcined limestone, calcined waste concrete, and
silica) on steam gasification of larch wood in a bubbling fluidized bed system was investigated
[98]. Highest gas heating value, 10.98 MJ kg-1, and cold gas efficiency, 56.5%, were reported
with calcined limestone. However, calcined limestone showed breakage tendencies, which would
instigate agglomeration, sintering and plugging of the reactor bed. Blending calcined concrete,
which showed low wear resistance, with calcined limestone was recommended to improve the
conversion efficiency while also minimizing plugging and agglomeration.
6.2.4. Tar formation
Another issue facing biomass gasification is the presence of tar in the producer gas. The
term “tar” refers collectively to mixtures of phenolic, and aromatic hydrocarbons formed during
the devolatilization (pyrolysis) stage of gasification that did not decompose sufficiently inside
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the reactor to yield the targeted gases. This term, tar, extends to refer also to the secondary
hydrocarbon compounds formed under high reaction severity with higher molecular weights and
higher aromaticity (polyaromatic). Typically, the volatilized organics formed during the
pyrolysis stage are further decomposed by the elevated gasification temperatures and using either
the gasifying agent or the indigenous oxygen and moisture (steam) in the feedstock. Since most
tar decomposition reactions are endothermic, persistence of tar in the produced gas can be
attributed to the short residence time of the vapor phase in high-temperature regions, as is the
case with updraft gasifiers. Pyrolysis volatiles, in the absence of external oxidizing agents,
undergo secondary decomposition reactions at temperature above 650°C that increase yields of
permanent gases (H2, CO, and CO2) yields and decrease gravimetric tars [99]. Tars were
classified according to their molecular masses, using mass spectrometry, into primary,
secondary, and tertiary tars [100]. Close investigation showed tars to undergo both
decomposition and repolymarization with the increase in temperature. This phenomenon is
behind the transition of tars recovered in biomass conversion from primary tars under moderate
thermal conditions to secondary and tertiary tars under elevated gasification temperatures, as
shown in Table 2-6. Primary tars are more reactive and susceptible to thermal cracking than
polycyclic aromatic hydrocarbons (PAH), tertiary tars [101]. This is mainly because of the
presence of heteroatoms (O, N) and side-groups (OH, CH3) in primary tars making them more
reactive than aromatic (ring) compounds. Free-radical reactions were cited as the primary
thermal cracking mechanism. These reactions initiate by breaking chemical bonds in a tar
compound, forming free radicals which undergo propagation, isomerization and termination
stages in which H2 and CH4 are released, and polyaromatic (tertiary) compounds are formed.

35

Table 2-6 Classes of tars formed during biomass gasification [100]
Tar class

Primary

Secondary

Tertiary (Alkyl)

Tertiary (Condensed)

Compounds

Levoglucosan,
hydroxyacetaldehyde,
furfurals,
and methoxyphenols

Phenolics,
and olefins

Methyl acenaphthylene,
methylnaphthalene, toluene
and indene

Benzene, naphthalene,
acenaphthylene,
pyrene

Temperature
range

500°C- 800°C

500°C- 1,000°C

700°C- 1,000°C

700°C- >1,000°C

The transformation of the tar species as a function of the temperature is demonstrated in
the following schematic [102], Figure 2-5.

Mixed Oxygenates,
400 °C

Phenolic Ethers,
500 °C

Alkyl Phenolics,
600 °C

Heterocyclic
Ethers, 700 °C

PAH,
800 °C

Larger PAH,
900 °C

Figure 2-5 Tar species transformations with temperature increase
Tar presence is a nuisance only if the produced gas is transported over longer distances or
if it is intended for use as feedstock for further chemical processing. If, on the other hand, the
fuel gas is directly combusted in gas burners, or boilers then the tar will be burned along with the
gases adding to the total calorific value without complications. Internal combustion (IC) engines,
on the other hand, require tar content in producer gas to be below 100 mg Nm-3 in order to avoid
problematic deposits that jam engine valves and corrode the cylinders [103]. Tar reduction is
often achieved by employing thermal and/or catalytic cracking. Wet reforming, by Injecting
steam (H2O), or dry reforming, using carbon dioxide (CO2), were shown to increase tar
decomposition rates. Tar cracking, reforming and adsorption using air and steam as reforming
agents was investigated with activated carbon, wood chips and synthetic cordierite as adsorption
media [104]. Steam reforming was shown to increase yields of H2 and CO and decrease CO2,
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C2H4 and C2H6 yields. Activated char was found to be more effective at adsorbing tars compared
to activated carbon and synthetic cordierite. Steam reforming can be generally described using
the following reaction:
C H O" + #2n − k(H) O = nCO) + +2n +
And for benzene (a tertiary tar compound):
C6H6+6H2O

6CO+9H2

m
− k- H)
2

ΔH° (900°C) = +753 MJ.kmol-1 [105]

The reaction schemes for three tar compounds (toluene, benzene, and naphthalene) were
derived in order to model tar products [106]. These model compounds were studied by varying
temperature, residence time, the concentration of H2 and H2O injected. Hydrogen was shown to
be highly effective in inhibiting the naphthalene conversion to solid carbon (soot) whereas steam
was found to be marginally effective in the conversion of aromatics. Temperatures around
1,400°C were found necessary to convert both the soot and the aromatics to CO and H2.
Most industrial tar reforming, however, is managed through the use of catalysts (catalytic
reforming). Tar reforming catalysts are mixed with feedstock or incorporated in the primary
gasification bed in fluidized-bed systems. Alternatively, catalysts could be added to dedicated
(secondary) reactors. Tar cracking catalysts are generally classified into: dolomite catalysts
(CaCO3, MgCO3), alkali metal catalysts (K2CO3, and Na2CO3), and nickel-based catalysts [107].
Incorporation of dolomites in the reactor bed was shown to cause attrition as well as deactivation
due to carbon deposition on the catalyst active sites (coking). Nickel catalysts, on the other hand,
were shown to be most effective when incorporated in fluidized gasification bed operated at
780°C. Indigenous alkali minerals in the biomass also act as catalysts reforming the produced
tars and creating more permanent gases. Addition of ashes to the reactor bed was shown to be
helpful in eliminating tar formation [108] yet problematic due to their agglomeration tendencies.
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6.3. Pyrolysis
Pyrolysis, as discussed earlier, is a fundamental step to both the combustion and
gasification of organic fuels. During the pyrolysis step, the solid biomass matrix undergoes
thermal depolymerization causing the release of gaseous species, volatile organic compounds,
and a restructuring of both the volatilized and solid phases. As a stand-alone process, however,
biomass pyrolysis is optimized to generate condensable organic compounds resembling
naturally-occurring crude oil (often referred to as bio-oil or bio-crude) in addition to char and
gaseous products. Unlike combustion or gasification, pyrolysis does not require any oxidizing
agent to facilitate the conversion. A sweeping inert gas, however, is necessary to rapidly remove
the volatilized species from the reactor to the cold condensation unit. Rapid removal and cooling
of pyrolysis vapors (quenching) is necessary to avoid further thermal decomposition of volatiles
into permanent gases and also to minimize the solid-vapor reactions which facilitate char
formation.
Pyrolysis can be classified, according to the process duration, to slow and fast (flash)
pyrolysis. Slow pyrolysis is characterized by low heat transfer rates, and longer residence times
for both the solids and vapors, which lead to a high char yield. Fast or flash pyrolysis, on the
other hand, has a high heating rate (103-104°C sec-1), residence time of less than 2 seconds, and
rapid cooling of the volatile species, all of which increase the condensable (bio-oil) yield [109].
Various types of reactors were investigated in the context of fast pyrolysis: fluidized bed
(bubbling, and circulating), ablative (rotating cone, and vortex), and vacuum reactors [110].
Typical yields of fast pyrolysis products from lignocellulosic biomass (mainly wood) are: 60-75
wt. % bio-oil, 15-25 wt. % solid char, and 10-20 wt. % non-condensable gases [111]. The main
product, i.e., bio-oil is an acidic mixture (pH between 2.5 and 3.5) of water (15 – 30 wt. %) with
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a large number of oxygenated hydrocarbons of varying molecular weight. Bio-oils typically
contain more than 200 chemical species including acids, alcohols, aldehydes, ketones, aromatics,
phenols and sugars varying in concentration according to reaction conditions, and the
composition of the original biomass [100, 112, 113]. Main pyrolysis reactions associated with
the woody and lignocellulosic feedstock were grouped into cellulose, hemicellulose and lignin
pyrolysis reactions [114].
Adding surplus water to the bio-oil was shown to facilitate phase separation of pyrolysis
oil into water-rich and hydrocarbon-rich phases. Oxygen content of bio-oil is typically around
45-50 wt. % which, in combination with the water content in the bio-oil, result in low heating
values, 18-26 MJ Kg-1, when compared to petroleum liquid fuels.
In addition to its high water content, acidity and corrosiveness, biomass bio-oil was
shown to be both thermally and temporally unstable. Various mechanisms were outlined in
which reactions between various products, acids, alcohols and aldehydes cause the
repolymarization and phase separation [115]. Bio-oil repolymarization and phase separation,
shortly after production, complicates storage and transportation. These qualities deem the bio-oil
unfit for most applications without an upgrading stage first. Bio-oil upgrading can be achieved
through hydrodeoxygenation (HDO), and steam reforming often in the presence of catalysts.
Bio-oil upgrading is often accomplished using one stage or two stage high pressures, catalytic
hydro-treatment [116]. This process requires injecting hydrogen, elevated pressure (more than
100 bar) with temperatures between 250°C and 400°C in the presence of catalysts (sulfide CoMo
or NiMo). A major challenge in bio-oil upgrading is the inhibition of repolymarization reactions,
which are favored with increased reaction severity (pressure and temperature). Additionally,
larger bio-oil compounds, where oxygen molecules are often difficult to dissociate, occupy
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active sites on the catalyst resulting in plugging and coking (deactivation). Zeolite catalysts have
been shown to facilitate bio-oil upgrading under atmospheric conditions without the need for
additional hydrogen injection [117].
Catalytic steam reforming of bio-oil products has been modified to yield syngas products
(CO, and H2). This technique has been investigated on bio-oil and on model compounds such as
phenol, acetone, and acetic acid as means to expand the usefulness of the pyrolysis products
[118]. The amount of energy expended to facilitate hydrogen production from bio-oil was shown
to be equal to that necessary to reform natural gas into syngas products [119]. Complications due
to catalyst deactivation and coking, however, have been also reported with steam reforming of
bio-oil [120].
Few studies have investigated animal manure as feedstock to pyrolysis conversion. Most
of the available literature focuses on poultry litter pyrolysis. Pyrolysis of poultry litter yielded
bio-oil 15-30 wt. % of the original feed with a HHV and dynamic viscosity within 26-29 MJ kg1

, and 0.01-27.9 Pa s, respectively [121].A Multi-parameter study of pyrolysis of poultry litter-

wood shaving mixtures, in a fluidized-bed reactor, showed the temperature to be the instrumental
parameter impacting conversion, followed by biomass feed rate and then N2 flow rate [122].
Highest bio-oil yield, 51 wt. %, and pH, 4.85, were achieved under 475°C. Swine compost, wood
chips and sewage sludge were also investigated as feedstock for bio-oil production in a fluidizedbed pyrolysis unit [123]. The swine compost bio-oil was reported to have an H/C ratio of 1.63
and a higher heating value (HHV) of 31.2 MJ kg-1, compared to 1.68 and 27.0 MJ kg-1 for
sewage sludge, and 1.51 and 23.9 MJ.kg-1 for wood shavings. The high moisture and ash
contents of animal waste are often cited as impediments for implementation of pyrolysis
conversion and thermochemical conversion in general. The mineral and alkali salts, which are
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available in varying quantities in manure, were shown to be influential in controlling the
pyrolysis conversion pathways and the resulting oxygenates which further adds uncertainty to the
bio-oil products generated.
An added advantage of thermochemical conversion of animal wastes, recently garnering
attention, however, is the production of char. This term, char or “charcoal”, refers to the solid
residuals remaining after the devolatilization of volatile organics, and the partial reaction of
biomass fixed carbon.
6.4. Biochar
Thermochemical conversion of carbonaceous biomass yields a solid byproduct, i.e.,
biochar. The characteristics of this char depend on the composition of the original biomass and
also on the conversion severity. Complete combustion, for instance, yields only mineral oxides,
with no carbon, collectively referred to as ash. Pyrolysis and gasification, on the other hand,
generate a carbon-rich solid component (char) that also contains the ash minerals. Char can also
be produced in a dedicated process at temperatures between 250°C and 400°C in the absence of
air or oxygen, a process less severe than pyrolysis or gasification. The dedicated char production
process is typically referred to as slow-pyrolysis, carbonization or torrefaction. The latter, i.e.,
torrefaction is a mild thermal treatment that takes places at lower temperatures (200°C -300°C)
in which the biomass matrix remains largely unchanged except for the easily devolatilized
fraction (hemicellulose). Torrefaction improves friability and energy density of the biomass,
which facilitate co-firing with coal, or stand-alone conversion [124]. Char can be utilized in a
variety of applications from soil quality improvement, to use as filtration and adsorption media
[125], to incineration as a blend-in with fossil coal or as a stand-alone solid fuel. The term
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biochar is commonly used to indicate that the specific end-use of the produced char is as a soil
amendment[126].
Biochar production dates back thousands of years. Dark soils in the Amazonian basin
(terra preta) are considered earliest example of a char-fortified soil. Studying these soils
revealed numerous advantages to the incorporation of biochar in the soil. The aromatic carbon
structures, in the biochar, provide a stable carbon form that facilitates nutrients retention.
Furthermore, the biochar porous structures improve the soil porosity and facilitate the growth of
microbial microorganisms. The increased alkalinity of the soil due to biochar addition also helps
increase the soil cation exchange capacity (CEC). The impact of biochar application rates (10, 50
and 100 t ha-1) and origin (cotton trash, grass clippings and prunings) were studied on yields of a
radish crop in an Alfisol type soil [127]. Nitrogen fertilization was shown to be necessary even
with the highest rate of biochar application given that C: N for biochar is quite high, i.e., 200.
The interaction between N fertilization and biochar, however, was shown to significantly
improve radish dry matter production with increasing biochar application rates. The soil quality
was also shown to improve, i.e., increases in pH, exchangeable alkali ions (Na, K and Ca) and a
decrease in the soil tensile strength, with the addition of biochar. Recent studies have pointed out
that incorporation of biochar in the soil not only improves soil properties and immobilizes heavy
metals, but it also helps mitigate carbon emissions by sequestering carbon in a stable form.
Biochar quality from wood and grasses, expressed in terms of aromaticity and
crystallinity, was investigated as a function of the charring temperature between 100°C to 700°C
[128]. Biomass was shown to undergo progressive structural transformation with temperature
increase, which was classified into four stages: transition char, amorphous char, composite char,
and lastly, turbostratic char. They concluded that the level of char transformation correlates
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strongly with its persistence (stability) in the soil, with more aromatic char produced at higher
temperatures exhibiting more stable characteristics. Similarly, pyrolysis temperatures were
shown to correlate inversely with the biochar degradation in the soil [129]. The residual cellulose
and hemicellulose in the biochar matrix under low-severity conversion are easily degraded and
lost in the soil compared to aromatic biochar produced under elevated temperatures (525°C to
575°C). Higher temperatures for pyrolysis/biochar production, however, reduce the recoverable
biochar mass. The influence of air injection during corn stover pyrolysis on the quality of biochar
as a soil amendment was investigated [130]. Chars produced at 0% and 10% air injection showed
higher organic carbon content until week 6 of the study where differences became insignificant.
This observation was explained by the presence of more biologically available carbon in the 0%
and 10% chars that was utilized during the first few weeks by the soil microorganisms. Inversely,
extractable P started to increase in week 4, which was explained by the increased microbial
activity that facilitated char decomposition and P demineralization.
Interest in using manure solids as biochar feedstock can be attributed to their high
macro- and micro-nutrient contents, both of which are necessary for plant growth. The
characteristics of biochar produced at 380°C from various biomass feedstocks were studied
[131]. Cattle sludge biochar exhibited the highest electrical conductivity, 2.90 mS cm-1, water
retention capacity, 294%, organic N, 0.25 mg kg-1, and phosphate, 0.76 mg kg-1. Swine manure
and woodchip biochars were soil incorporated to monitor the carbon emissions [132]. Biochartreated soils maintained the soil organic C with CO2 emissions equal to those from control soil.
Furthermore, biochar application facilitated a reduction in carbon emissions with the application
of manure digestate when compared with biochar-free soils. The largest drop in Olsen P levels
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was reported for soils amended with both manure digestate and manure biochar but they still
maintained more than 50 mg Olsen P kg-1.
The influence of temperature on the quality of biochar produced from swine manure
solids was studied [133]. A decrease in char yields from 62.3% to 36.4% of original mass was
reported with the increase of charring temperature from 350°C to 700°C. A transformation of the
char carbon was also reported. It resulted from the loss of alcoholic, paraffinic, and carboxylate
carbon and a corresponding increase in aromatic and carbonyl carbon. Biochar from manure
gasification in a circulating fluidized bed (at 730°C), and acid-treated ash produced from manure
combustion were studied comparatively as phosphorous (P) fertilizers [134]. No discernible
differences were observed between the two types of thermal residue (ashes and chars) on P
availability in the soil. Results also indicated that gasification char can be used as a phosphate
fertilizer to maintain soil P levels but not as a starter P fertilizer.
Physical characteristics of biochar generated from swine manure solids at different
temperatures, 400°C to 800°C, at slow pyrolysis conditions (no air) were investigated [135]. The
yields of biochar ranged from 39 wt. % at 400°C to 34 wt. % at 800°C. The pH of the biochar
solution (5 g biochar in 10 mL deionized water) increased from 7.5 to 11.4 with the increase in
pyrolysis temperature from 400°C to 800°C. Increasing pyrolysis temperature to 800°C was
found to increase biochar P content, porosity, and surface area to reach 7.7 wt. %, 0.13, and 63
m2 g-1, respectively.
Most biochar literature report adopting torrefaction, slow pyrolysis (carbonization), or
flash pyrolysis as the conversion technology. Few studies, however, have investigated the quality
of gasification char as a potential biochar despite the maturity of gasification as a conversion
technology [136]. Additionally, although pyrolysis-derived biochar contains more char carbon in
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principal, studies showed that a fraction of this carbon is raw unconverted cellulosic carbon that
is readily degraded by microorganisms upon soil application. This, in consequence, results in a
rapid carbon loss from the biochar reducing its sequestration potential. Given also that bio-oil
studies point to the challenges of storage, transportation, pretreatment and upgrading, the
energetics and economics of biochar production via pyrolysis would be further constrained.

7. Conclusions
•

Increases in scale and aggregation of swine production farms, while economically
advantageous, have resulted in manure accumulation problems in high production
regions.

•

Various manure management technologies, i.e., biological, and thermal, are in practice to
utilize swine manure while mitigating its negative impacts on surrounding ecosystems.

•

Thermochemical conversion technologies are mature, stable and modular but, so far,
underutilized in manure management.

•

Gasification of swine manure solids, although under investigation, can overcome the
challenges associated with high-ash feedstock, and can also generate a biochar stream.

•

A need for studies of the conversion kinetics of swine manure solids, namely thermal
decomposition kinetics, was recognized and addressed in the following studies (Chapters
2, 3, and 4).

•

There is a need for more comprehensive assessments of environmental impacts of
thermochemical conversion as a manure management strategy (Chapter 6).
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1. Abstract
The modern trend of increasing the number of pigs at production sites led to a noticeable
surplus of manure. Separation of manure solids provides an avenue for utilizing them via
thermochemical conversion techniques. Therefore, the goal of this paper was to assess the
physical and thermal properties of solid separated swine manure obtained from two different
farms, i.e., farrowing, and growing-finishing, and to determine their pyrolysis kinetic parameters.
Swine manure solids were dried and milled prior to assessing their properties. Differential and
integral isoconversional methods (Friedman, and Flynn-Wall-Ozawa (FWO)) were used to
determine the apparent activation energy as a function of the conversion ratio. Significant
differences were observed in the proximate and ultimate composition between both manure
types. The higher heating value (HHV) for the manure solids from farrowing, and growingfinishing farms reached 16.6 MJ kg-1 and 19.4 MJ kg-1, respectively. The apparent activation
energy computed using Friedman and FWO methods increased with the increase in the degree of
conversion. Between 10% and 40% degrees of conversion, the average activation energies, using
Friedman method, were 103 and 116 kJ mol-1 for the farrowing and growing-finishing manure
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solids, respectively. The average activation energies calculated using FWO method between the
same degrees of conversion (10% ~ 40%) were 98 and 104 kJ mol-1 for manure solids obtained
from farrowing and growing-finishing farms, respectively. The findings in this study will assist
in the effort to optimize thermochemical conversion processes to accommodate swine waste.
This could, in turn, minimize swine production impacts on the surrounding ecologies and
provide sustainable energy and biochar streams.
2. Introduction
Swine production is increasingly becoming the world’s largest meat production
enterprise. Global consumption of pork meat, currently at 110 million metric tons per year,
exceeds beef and chicken meat consumption, 67 and 104 million metric tons, respectively [1].
The latest inventory puts the total number of U.S. hogs at 68.3 million head, 62.5 million of
which are market hogs and 5.8 million head are breeding hogs [2]. Most swine production in the
U.S., however, is clustered around feed production, i.e., corn growing regions, in few
Midwestern states. Moreover, intensive livestock production replaced conventional farming
which lead to increased productivity and a drop in the number of livestock operations [3].
Unintended consequence of these changes, however, is the large volumes of generated manure,
which surpass the assimilative capacity of nearby fields. Using an estimate of daily manure
productivity for growing-finishing hogs, i.e., 4.54 kg manure per head [4], shows that the
inventory of market hogs alone produce 0.28 million metric tons of manure daily. Separating the
nutrient-rich manure solids can offer an opportunity to utilize or transport the manure nutrients in
a sustainable, environmentally safe manner.
In this process, the manure slurry is separated into a solids-rich fraction (containing 80%
of the total solids) and a low-solids effluent, i.e., low in nutrients, which can be safely recycled to
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clean the stalls, or applied to nearby fields. Separation systems include stationary and vibrating
screens, belt presses, and screw presses [5]. The separated solids were shown to be a more
suitable feedstock for anaerobic digestion than raw, diluted slurries [6]. Alternatively, the
separated solids can be further dried and blended with coal or wood and converted to bioenergy
sources via thermochemical processes [7, 8].
Thermochemical processes offer rapid disposal capabilities while generating a continuous stream
of heat and/or gaseous and liquid fuels. The solids separation method applied was found to
influence the energy content of the manure solids [9]. Mechanically separated solids were shown
to be more favorable, in terms of energy content, when compared to chemically separated solids.
The high energy density of swine manure, 17.9 to 19.3
MJ kg-1 (dry-basis) compared to dry poultry litter, 12.0 to 14.8 MJ kg-1 [10], or dry cattle
manures: 6.3 to 16.6 MJ kg-1 [11], makes it a more suitable candidate for energy conversion.
Despite its high energy density, however, swine manure solids contain ash minerals, typically
between 10% and 20% of the dry weight, more than other biomass feedstocks with similar
calorific value, i.e., wood or switchgrass. These ash residues were shown to be problematic to
thermochemical conversion, especially at elevated temperatures, since they form oxides with
low-melting temperatures that cause slagging and agglomeration [12]. In poultry litter and
pinewood-bedding mixtures, separation of the fine particles was found to improve the litter fuel
properties [13]. Additionally, low-temperature gasification and pyrolysis typically minimize the
problematic qualities of the manure minerals.
Despite the variety of swine manure handling and separation strategies, only few studies
looked into the decomposition kinetics of swine manure solids [14, 15]. Studying decomposition
kinetics via thermogravimetric analysis offers insight into the behavior of the feedstock under
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thermochemical conversion conditions. Several methods, i.e., model-fitting methods and
isoconversional methods were developed to formulate the mathematical expression describing
feedstock decomposition. Isoconversional methods (model-free methods) were shown to be more
robust and reliable compared to model-fitting methods [16]. Oxidation kinetics for swine manure
solids was determined using isoconversional methods, i.e., Vyazovkin method, and Flynn-WallOzawa method [15]. No studies were found in the literature that used isoconversional methods to
determine the pyrolysis kinetics of swine manure solids.
The goal of this study was to determine the pyrolysis kinetics of swine manure solids
obtained from two different farms using two different isoconversional methods.
3. Materials and Methods
3.1. Swine manure collection
Swine manure solids were collected from two different hog farms in Arkansas. The first
is a commercial breeding farm (farrowing) (2,450 head) in Yell County, whereas the second is a
growing-finishing farm (818 head), in Washington County, that is part of the Dale Bumpers
College of Agricultural, Food & Life Sciences at the University of Arkansas. The farrowing farm
employs a two-step solids separation system, i.e., a mechanical screw press to separate the larger
solids then a chemical separation step using flocculants to facilitate aggregation and
sedimentation of finer solids. This separation system was installed in order to reduce the
phosphorous loading of the aqueous effluent. Such measures are necessary in regions where the
soil phosphorous levels are elevated. The surplus manure phosphorous, therefore, has to be
moved off-farm. In this research, the manure studied was sampled from the solids separated in
the first step, i.e., mechanically separated solids. In the growing-finishing farm, the effluent from
the hog houses is pumped directly to a settling pond before it collects in a storage lagoon. No
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mechanical or chemical separation is practiced in this farm. For the purpose of this study, the
solids were collected directly from the settling pond using a sample collection bag. The sampling
bag is made from fine-pored fabric fitted on a triangular metal frame. The settled solids were
sampled from different parts of the pond, and then later mixed, to ensure representative
sampling.
The swine manure solids were first oven-dried (72°C for 48 hours) to prepare the
feedstock for subsequent steps, i.e., size-reduction (milling) and the various tests and analyses.
The dried solids were ground using a cutting mill (Thomas Wiley Mill No.2, Swedesboro, NJ)
fitted with a 1-mm (1,000 micron) mesh size screen.
3.2. Swine manure collection
The swine manure solids were first oven-dried (72°C for 48 hours) to prepare the
feedstock for subsequent steps, i.e., size-reduction (milling) and the various tests and analyses.
The dried solids were ground using a cutting mill (Thomas Wiley Mill No.2, Swedesboro, NJ)
fitted with a 1-mm (1,000 micron) mesh size screen.
3.3. Swine manure characterization
All tests were done on triplicates except for the chemical composition, which was
determined in one composite sample from each manure source in an analytical laboratory
(Huffman laboratories, 4630 Indiana Street Golden, CO). The ash content was determined as the
percentage of remaining weight after completely burning off dry samples at 750ºC [17] whereas
the volatile matter content is the weight loss lost after holding the sample at 800ºC in an oxygenfree environment for 10 minutes. The calorific values were determined using oxygen bomb
calorimetry (Parr instruments, Model 1341) according to standard [18].
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3.4. Thermogravimetric analyses
A programmable thermogravimetric analyzer (Model TGA 4000, PerkinElmer, Inc. Waltham,
MA) was used in this study to examine the decomposition behavior of the manure solids from
both farms. Specifications of this analyzer are shown in Table 3-1. Before running the
thermogravimetric analyses, weight and temperature calibrations were conducted according to
the manufacturer instructions. Each manure source was analyzed at three different heating rates:
20, 30 and 40ºC min-1 with nitrogen as the purge gas (30 ml/min) in order to simulate pyrolysis
conditions. The thermogravimetric analysis program ran according to the following steps:
1.Heating from 30ºC to 105°C in a nitrogen environment
2.Isothermal stage at a 105°C for 10 minutes
3.Heating from 105°C to 800°C at the specified heating rate
4.Isothermal stage at 800°C in an oxygen environment for 10 minutes
Step 2 was added to ensure samples were completely dry before pyrolysis. In each analysis,
temperature and sample weight were continuously recorded at 1-second intervals. TGA sample
size was kept at approximately 20 ± 2mg (mg=10-3 g) to avoid introducing diffusion-based
variability. After each analysis, the sample holder (crucible) was thoroughly cleaned with
methanol then completely burnt (purging oxygen at 800°C for 10 minutes) to eliminate any
residues. The following section outlines the theory behind the methods used to extract the
pyrolysis kinetics.
Table 3-1 . Specifications of thermogravimetric analyzer used
Room temperature to 1,000
Temperature range (°C)
Temperature accuracy (°C)

+/- 1

Temperature precision (°C)

+/- 0.8

Heating rate (°C min-1)

0.1-200
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Max. sample weight (g)

1.5

Scale resolution (μg)

0.2

Scale accuracy(μg)

+/- 0.02%

Scale precision (μg)

+/- 0.01%

3.5. Theory
The degree of conversion (α) is defined as follows:
/ = 0 120 3
0 20
1

(1)

4

Where Wo, Wt, and W∞ are the initial sample weight, the sample weight at time t, and the final
sample weight, respectively. The rate of conversion is expressed as follows:
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Where k is the decomposition rate constant, and f (α) is the reaction model, which expresses the
dependence of conversion rate on the conversion ratio. Using the Arrhenius formulation, the
rate constant can be expanded:
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Where A, Ea, and R are the frequency factor (pre-exponential coefficient), the activation energy,
and the universal gas constant, respectively. Under non-isothermal conditions, where the
heating rate is known, the sample temperature can be related to time using the following
relation:

B7 = BC + D ∗ F

(4)

Where To is the initial temperature, and β is the heating rate. Using equation 4, the
conversion rate can be transformed into a temperature-derivative:
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Rearranging equation 5 to separate the variables α and T, then integrating:
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Thermogravimetric analysis methods target the determination of the kinetics triplicate, i.e.,
A, Ea, and f(α) or g(α). The methods that use equation (5) are referred to as differential
methods whereas those using equation (7) are known as integral methods [19]. Some studies
reported the use of a single analysis, one thermogravimetric experiment, to derive the
reaction kinetics. A prerequisite to using this approach (model-fitting methods) is assuming
a reaction model: f (α), or g (α) in order to extract the activation energy, and the frequency
factor. This approach was found to produce erroneous activation energy values that are
highly dependent on the assumed reaction model [20]. An alternative approach is the use of
multiple thermogravimetric analyses performed at different heating rates, i.e.,
isoconversional methods, to determine the kinetic parameters.
3.6. Isoconversional methods
These methods are also known as “model-free methods” because they bypass the need for a
specific reaction model in order to compute the decomposition parameters. The underlying
basis in these methods is that, at any given conversion ratio (α), the rate of conversion is a
function of the temperature alone. Therefore, under isoconversional methods, the activation
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energy is in fact a range of values that are functions of corresponding conversion ratios (α)
[21]. Two different methods were used to analyze the thermogravimetric data, one is
differential, i.e., Friedman method [22] while the other is integral, Ozawa-Flynn-Wall
method [23, 24]. Details of each method are shown below:
Friedman method
Starting with a re-arrangement of equation 6:
D + - = : exp +− ? - 9#/(
5A
@A
56
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Then, taking the natural logarithm for both sides of equation (8) yields
OP +D 5A - = lnR:9#/(S − @A?
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For every analysis performed at a given heating rate, a set of ln (β (dα/dT)) and 1/T pairs
that correspond to different α values, i.e., α = 0.05, 0.10… 0.85 was collected. For each manure
type, three data points, i.e., ln(β(dα/dT)) and 1/T pairs, representing the same degree of
conversion (α) under the studied heating rates were plotted and fitted to a straight line. The result
is a family of straight lines, for each manure type, that represent the kinetics of decomposition at
different degrees of conversion. The slope of each straight line, (-Ea/R), was used to compute the
apparent activation energy Ea, while each intercept, ln(A, f (α)) was a combined expression of
frequency factor A and the reaction model f(α) at each degree of conversion.
The raw data of each analysis, i.e., sample weights and temperatures, was retrieved through
the equipment software (Pyris™ Software-Version 11.0.0.0449, Perkin Elmer, Inc. Waltham,
MA) then imported into MATLAB® R2013b (MathWorks, Inc. Natick, MA) where the
differentiation, data filtering, and sampling was performed. Plotting ln(β(dα/dT)) and 1/T pairs,
and the determination of slope and intercept were carried out using Microsoft® Excel® 2010
(Microsoft Corp., Redmond, WA).
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Ozawa-Flynn-Wall method
In this method, equation (7) was integrated then the Doyle’s approximation [25] was applied
to the temperature integral. The resulting equation is:
?
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At each degree of conversion, i.e., α= 0.05, 0.10… 0.85, the three pairs of ln β and 1/T data
points, obtained from the three heating rates, were plotted and fitted to a straight line. The slope,
(-1.052 (Ea/R)), represents the apparent activation energy term, while the intercept is a coupled
expression of the reaction model in the integral form, g(α), the apparent activation energy Ea, and
the frequency factor, A. The same software tools were used to analyze the thermogravimetric
data for this method.
4. Results and Discussions
4.1. Proximate and ultimate analyses
Table 3-2 lists the proximate and ultimate analyses of the two types of swine manure
solids. The volatile matter in the growing-finishing manure solids were noticeably higher, 7.9%
more, than in the farrowing farm solids. The ash content in both farms was slightly below values
reported in the literature, i.e., 18% to 25% dry basis [7] but close to reported ash content under
mechanical separation, i.e., 9% [9]. The nitrogen content in the farrowing manure was more than
6 times that in the growing-finishing manure. This elevated nitrogen content, 12%, could be
explained by the high amounts of animal hair observable in the solids recovered after screw press
separation. Keratin, the main ingredient of animal hair, is a polymer of various amino acids. The
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percentage of nitrogen in amino acids typically varies between 13.4% and 19.3%, by weight,
based on the type of amino acid [26].
Table 3-2 Characteristics of swine manure solids by source
Farrowing Farm

Growing-finishing Farm

Volatile solids

63.04 (0.63)

70.95 (0.47)

Fixed carbon**

22.99 (0.96)

18.15 (0.66)

Ash content

13.97 (0.73)

10.90 (0.46)

C

43.8

46.4

H

5.5

6.9

O*

23.7

33.4

N

12.0

1.8

S

1.0

0.6

HHV, MJ/kg

16.62 (0.32)

19.39 (0.05)

Stoichiometry

CH1.50O0.24N0.41S0.01

CH1.78O0.56N0.03S0.01

Proximate analysis, %db*

Ultimate analysis, %db

* Dry, weight basis
** By difference
Screw press separators are generally known to be more effective in separating out larger solids
from the manure slurry [5], which explains the increased amount of animal hair in the
mechanically separated solids. On the other hand, the nitrogen content of growing-finishing
manure solids, 1.8% by weight, was slightly below the reported values of nitrogen content in
manure solids, i.e., between 2% to 5% by weight. No animal hair was observed in the solids
collected from the growing-finishing farm. Carbon and hydrogen contents in growing-finishing
manure solids were higher than that of farrowing manure solids by 2.6 and 1.3 points,
respectively. Both manure solids, however, exhibited levels of carbon comparable to reported
values in the literature.
The calorific content of manure solids collected from the growing-finishing farm was
noticeably higher than the farrowing farm manure solids. This difference could be attributed to
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the differences in carbon and hydrogen contents between manure types. A correlation to predict
biomass calorific value using the elemental composition [27] was implemented using the
elemental composition for both farms listed in Table 3-2. The predicted heating value for the
growing-finishing and the farrowing manure solids were 18.9 MJ kg-1, and 16.5 MJ kg-1,
respectively. The presence of keratin in the farrowing farm manure solids might be responsible
for the noticeably low calorific value observed.
4.2. Thermogravimetric analysis
Figure 3-1 details the weight loss profiles for manure solids from both farms, in an inert
atmosphere, as influenced by sample temperature and heating rate. The focus in this study was
pyrolytic decomposition, which takes place above 100°C. As a result, the drying step was not
included in the kinetic analysis. Increasing the sample-heating rate shifted the decomposition
temperatures higher, which is in agreement with most thermogravimetry studies. The weight loss
in all samples appeared to proceed in three consecutive steps. In the first step, which took place
between 100°C and 250°C, the sample mostly heated up and only marginal weight loss occurred.
The second stage (280°C - 420°C) is the active pyrolysis as the easily degradable organic
components are devolatilized in sequence. The final stage, known as the passive pyrolysis stage,
from 420°C to 800°C, is a slow-decomposition phase in which the remaining sample that was
carbonized into stable and complex organic species in the active pyrolysis step, partially
devolatilized. At the end of the pyrolysis test, the remaining weight represented the combined
ash and fixed carbon contents.
The weight loss in the growing-finishing manure solids proceeded faster than in the farrowing
farm solids as evidenced by the temperatures at which the sample weight reached 50% of the
starting weight, 381°C and 427°C, respectively. In all samples, most of the weight loss occurred
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between 280°C and 380°C, the temperature range typically associated with both hemicellulose
(220°C - 315°C) and cellulose (315°C - 400°C) decomposition [28]. From a compositional
standpoint, however, swine manure solids contain less structural carbohydrates (cellulose) than
lignocellulosic materials such as wood or grasses. In addition, swine manure solids contain
higher amounts of protein and lipids [29]. These structural differences yielded decomposition
temperatures and decomposition rates that are different from those observed in
thermogravimetric tests of typical biomass.

Figure 3-1 Weight loss during thermogravimetric analysis (TGA) for swine manure solids
from (A) farrowing farm, and (B) growing-finishing farm in nitrogen environment
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Another point of difference is the ratio of cellulose to hemicellulose in wood and grasses
versus that in manure solids, and how this difference influenced decomposition rate curves. In
wood and cellulosic material weight-loss derivative curves, one prominent peak is usually
observed which corresponds to cellulose decomposition. The cellulose peak is usually preceded
by a smaller unseparated peak representing hemicellulose decomposition (typically referred to as
the hemicellulose shoulder). The cellulose-to-hemicellulose ratios in wood, typically around 1.56
[30], confirm the DTA observations. In swine manure solids, however, cellulose/hemicellulose
ratios were much lower, reportedly ranged between 0.25 and 0.81 depending on the manure
collection and solids separation strategy [31]. In all DTA curves (Figure 3-2), two overlapping
peaks were noticeable between 300°C and 400°C. In the growing-finishing farm samples, the
height of the first peak was significantly more than the second peak. This first peak is
attributable to hemicellulose decomposition as well as the decomposition of both protein
(keratin) and lipids [32, 33]. In the farrowing farm manure solids, the maximum decomposition
rate occurred between 318°C and 335°C, a temperature range associated with the hemicellulose
and keratin decomposition. The maximum decomposition rates in the manure solids from the
farrowing and the growing-finishing farms are 0.55 and 0.83% °C-1, respectively. These distinct
differences in the DTA curves for swine manure solids from different farms further confirm the
earlier observations that various compositional ingredients: starch, keratin, lipids, and cellulose
are not uniform. These observations can help in customizing the feedstock to suit the
thermochemical conversion conditions.
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Figure 3-2 Derivative of thermogravimetric analysis (DTA) curves for manure solids from
(A) farrowing farm, and (B) growing-finishing farm in nitrogen environment

4.3. Pyrolysis kinetics
Decomposition kinetics during active pyrolysis stage (T ≤ 420°C) were determined using
two isoconversional methods, i.e., Friedman and Flynn-Wall-Ozawa (FWO) at degrees of
conversion (α) ranging from 0.05 to 0.85. The isoconversional lines used in both methods are
shown in Figure 3-3. The slopes of these lines, (-Ea/R) in the Friedman method and -1.052 (Ea/R)
in the FWO method, were used to extract the apparent activation energy (Ea) as shown in Table
3-3 and Table 3-4.
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Figure 3-3 (A) shows the transition in the slopes of isoconversional lines that corresponded to the
sequential devolatilization of sample components. The apparent activation energy computed
using Friedman and FWO methods increased with the increase in the degree of conversion.
Between 10% and 40% degrees of conversion, the average activation energy, using Friedman
method, was 103 kJ mol-1 and 116 kJ mol-1 for the farrowing and growing-finishing manure
solids, respectively. These values represent activation energies associated with the first
decomposition peak (hemicellulose, and lipids pyrolysis). On the other hand, the average
apparent activation energies during the cellulose decomposition, taken to be the weight loss
between α= 60% and 80%, was 177 and 199 kJ mol-1 for the farrowing and the growing-finishing
farms, respectively.
Similarly, the slopes of the isoconversional lines, Figure 3-3 (B), show the apparent activation
energies using FWO method at the same degrees of conversion. The average apparent activation
energies of manure solids obtained from farrowing farm reached 98 kJ/mol between α=10% and
40%. Whereas the growing-finishing manure solids had an average apparent activation energy of
104 kJ/mol. Similar to the observations in Friedman method, average apparent activation
energies using FWO method corresponding to the second decomposition stage (α =60% - 80%),
increased to 173 kJ/mol for the farrowing manure solids, and 188 kJ mol-1 in the growingfinishing manure solids. These observations are similar to findings in other studies where
average activation energies for hemicellulose and cellulose pyrolysis, using FWO and Friedman
methods, were found to be 110 kJ mol-1 and 185 kJ mol-1, respectively [34]. Similarly, Otero et
al. [15] reported activation energies between 129 and 213 kJ mol-1 during the pyrolysis of raw
and digested cattle manure while using FWO method. In another pyrolysis study, the average
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activation energy of the microalgae Dunaliella tertiolecta using Flynn-Wall-Ozawa method was
reported to be 146.4 kJ mol-1 [35].
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Figure 3-3 Plots of ln(β*dα/dT) versus 1/T at three heating rate: 20, 30 and 40 °C/min for
manure solids from (A) farrowing farm and (B) growing-finishing farm
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Table 3-3 The activation energies (Ea, kJ mol-1) using Friedman method at different
degrees of conversion (α) for swine manure solids by source
Farrowing
Growing-finishing
Degrees of conversion (α)

farm
Ea

farm
R2

(kJ/mol)

Ea

R2

(kJ/mol)

0.05

64.5

0.966

58.8

0.942

0.10

75.8

0.999

85.0

0.980

0.15

88.3

0.996

101.8

0.998

0.20

97.9

0.995

109.9

0.998

0.25

103.4

0.993

116.9

0.997

0.30

109.0

0.994

124.0

0.997

0.35

117.6

0.995

131.4

0.995

0.40

127.4

0.989

141.4

0.989

0.45

136.0

0.997

158.2

0.988

0.50

146.4

0.997

173.3

0.994

0.55

149.2

0.999

189.2

0.981

0.60

154.9

0.999

210.5

0.989

0.65

159.4

0.999

202.7

0.983

0.70

165.3

0.999

197.2

0.993

0.75

188.7

0.996

193.2

0.997

0.80

215.8

0.995

191.8

0.996

0.85

273.7

0.993

223.9

0.998

Analysis of the correlations between the activation energies computed using both methods
showed that the values of the FWO activation energy were around 5% lower than those
calculated using the Friedman method. However, the activation energies calculated using both
methods were correlated for each swine manure type. It is worth noting when comparing both
methods that while the differential methods, Friedman method in this case, provide actual values
of the activation parameter, the integral isoconversional methods, e.g., Flynn-Wall-Ozawa,
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provide averaged values of that parameter [36]. Correlating these values, however, provide a
useful approach to predict the actual values of the activation energy from the averages, or vice
versa.
Table 3-4 The activation energies (Ea, kJ mol-1) using Flynn- Wall- Ozawa method at
different degrees of conversion (α) for swine manure solids by source

.Degree of conversion (α)

Farrowing

Growing-Finishing

farm

farm

Ea
(kJ/mol)

R2

Ea
(kJ/mol)

R2

0.05

61.3

0.966

55.9

0.942

0.10

72.0

0.999

80.8

0.980

0.15

84.0

0.996

96.8

0.998

0.20

92.6

0.995

104.4

0.998

0.25

98.3

0.993

119.1

0.997

0.30

103.6

0.994

117.9

0.997

0.35

111.8

0.995

124.9

0.995

0.40

121.1

0.989

134.4

0.989

0.45

129.3

0.997

150.4

0.988

0.50

139.2

0.997

164.8

0.994

0.55

141.8

0.999

179.9

0.981

0.60

147.2

0.999

200.1

0.989

0.65

151.6

0.999

192.7

0.983

0.70

157.1

0.999

187.5

0.993

0.75

179.4

0.996

183.7

0.998

0.80

205.2

0.995

182.3

0.997

0.85

260.2

0.993

212.8

0.998
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5. Conclusions
Swine manure solids from two farms, i.e., farrowing and growing-finishing, were successfully
characterized. The main findings are:
1. The type of farm influenced the composition and the higher heating value (HHV) of
swine manure solids.
2. Keratin in the manure solids, from animal hair, increased the nitrogen content and might
be responsible for the low HHV.
3. Compositional differences between the two swine manure types translated to variability
in the weight loss rates, and the shape of decomposition peaks.
4. The activation energy during pyrolysis of swine manure solids (T ≤420°C) showed a
gradual increase corresponding with the devolatilization of the sample ingredients
(hemicellulose, cellulose, in addition to the keratin and lipid).
5. These findings shed more light on the behavior of swine manure solids under
thermochemical conversion conditions.
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1. Abstract
In this study, pyrolysis kinetics of periphytic microalgae consortia grown using swine
manure slurry in two seasonal climatic patterns in northwest Arkansas were investigated. Four
heating rates (5, 10, 20 and 40oC min-1) were used to determine the pyrolysis kinetics.
Differences in proximate, ultimate, and heating value analyses reflected variability in growing
substrate conditions, i.e., flocculant use, manure slurry dilution, and differences in diurnal solar
radiation and air temperature regimes. Peak decomposition temperature in algal harvests varied
with changing the heating rate. Analyzing pyrolysis kinetics using differential and integral
isoconversional methods (Friedman, Flynn-Wall-Ozawa, and Kissinger-Akahira-Sunose) showed
strong dependency of apparent activation energy on the degree of conversion suggesting parallel
reaction scheme. Consequently, the weight loss data in each thermogravimetric test was modeled
using Independent Parallel Reactions (IPR). The quality of fit (QOF) for the model ranged
between 2.09% and 3.31% indicating a good agreement with the experimental data.
2. Introduction
Thermogravimetry is a powerful and versatile tool in understanding and modeling
biomass reactions. It is also a quick and reliable approach to determine the moisture, organic
matter, and ash contents in biomass [11]. Other uses of thermogravimetric analysis (TGA)
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include quantification of the hemicellulose and α-cellulose contents in wood [3], as well as
evaluation of digestate stability during anaerobic digestion [13]. The predominant use of TGA,
however, is to determine the rate of thermal decomposition for various feedstocks. A survey of
the literature shows the importance of this analysis to the determination of decomposition
kinetics of woody biomass [12], crop residue [20], animal manures [28], and municipal solid
waste [27]. However, the recent interest in aquatic biomass, as a biofuel and bioenergy crop,
brought to light the dearth of thermogravimetric studies on this class of biomass.
Historically, microalgae mass-production was mostly accomplished to support
aquaculture systems [23] as well as to extract important bioactive compounds [29]. Recently,
however, interest in sustainable biofuel sources brought attention to microalgae due to the high
lipid content in certain species, which can be converted via “transesterification” to biodiesel. The
oil content in microalgae species such as Schizochytrium sp. can exceed 75% on a dry-weight
basis [6]. A vital ecological service that microalgae could provide is treatment of nutrient-rich
wastewater effluents, i.e., phycoremediation. This particular service is becoming increasingly
crucial with the increase in global urbanization, industrialization, and intensive cropping
activities [14].
Contamination of surface and ground water with nitrogen (N), phosphorous (P),
polycyclic aromatic hydrocarbons (PAH), and heavy metals is the primary cause behind hypoxic
conditions, eutrophication, and poisoning of aquatic habitats in rivers and lakes [4]. Uptake and
biosorption of these contaminants by algal species has been investigated on a variety of
wastewater substrates, i.e., municipal, industrial, and agricultural wastewater streams [26].
Adopting phycoremediation in livestock wastewater management can offer an added-advantage
by minimizing phosphorus loss. Algal species were successfully grown on raw swine manure
79

effluents, 9 g m-2 day-1, but growth rates were found to be sensitive to the loading rates of N and
P [18].
The harvested phycoremediation algae can be directed to a variety of uses such as
composting, anaerobic digestion, and the extraction of lipids and sugars for biodiesel and ethanol
production. Alternatively, the algal biomass can be utilized through thermochemical conversion
processes. The end-use for a specific algae harvest is highly dependent on its composition. Algae
used in water remediation are typically indigenous species grown in open systems that results in
a diverse species consortium in the collected biomass. Thermogravimetric analyses can assist in
the effort to characterize the harvested microalgae and to direct them to the optimal end-uses. For
instance, TGA decomposition rate curves were proven effective in detecting and quantifying the
lipid contents in Chlorella sp. [24]. Understanding the decomposition kinetics of microalgae in
various atmospheres, in addition to providing insight into the proximate composition, is essential
to the design and optimization of thermochemical conversion processes. There is a need in
research for studies covering the thermal decomposition kinetics of mixed algae consortia grown
for water remediation purposes, especially as part of sustainable livestock production scenarios.
The goal of this research is to evaluate the thermal decomposition of indigenous periphytic
microalgae grown in an open water-remediation system for a swine production facility under
nitrogen environment using thermogravimetric analysis (TGA).
3. Materials and Methods
3.1. Swine wastewater treatment system
Algal biomass was produced using open channel raceways lined with a growth medium
for periphyton attachment and irrigated by circulation of swine-manure based wastewater. Algae
consortia produced using two systems were investigated in this study. System 1 was a small
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system with 8 raceways that were each 15 cm wide by 3.0 m long. It was sited outdoors adjacent
to the University of Arkansas Biological and Agricultural Engineering Research Lab,
Fayetteville, Arkansas. System 2 was a larger pilot system with 4 raceways that were each 1.5 m
wide by 61 m long. It was constructed at the University of Arkansas Swine Research Grower
Facility, near Savoy Arkansas. The raceways in both systems were lined with specialty fibrous
carpeting (proprietary fiber selection and layout intended to optimize periphyton growth,
provided by Interface, Inc.) to maximize algae attachment during water circulation. System 1
was operated during the summer of 2013 (June-July) on swine manure slurries at different
degrees of dilution to vary targeted starting ammonia (NH3) concentrations between 5 mg L-1 to
40 mg L-1 (mg=10-6 kg). Details of the NH3 loading influence will be discussed in a separate
publication. System 1 was seeded with mixed consortia which were collected from a local stream
in Fayetteville, AR whereas System 2 was seeded from the mixed consortia harvested from
System 1. Wastewater used in System 2 was pumped from swine slurry storage lagoon, then
treated with alum (aluminum sulfate 14-hydrate granules, Al2 (SO4)3 · 14 H2O, addition rate 2 g
L-1) to flocculate solids. After a 24 h settling period, the undiluted supernatant was removed for
circulation in the raceway. System 2 was operated during the fall of 2013 (NovemberDecember). Both systems were open during production without any control over the growing
algal species.
3.2. Algae collection and preparation methods
Harvest of algae was accomplished manually, in 5-day cycles, using a rubber-bladed
squeegee for removal and collection of attached algae. Harvested algae were dried immediately
or else stored at 4°C for 24 h before drying. Subsamples of fresh algae were stored for analysis
and species identification. One composite sample was collected from each algae consortium for
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the thermogravimetric analysis (TGA). Composite algae samples were dried at 105°C for 24 h
before grinding to 1 mm (Thomas Wiley® cutting mill- Model 3383L10, Swedesboro, NJ). A
second grinding step, using a cutting mill (Polymix PX-MFC 90 D, Kinematica AG,
Switzerland), was added to homogenize the dried samples and minimize mass transport
resistance during thermogravimetric analysis. The algal solids used in the following tests and
analyses all passed through a 200 µm sieve (µm=10-6 m).
3.3. Proximate, ultimate, heating value and pH analyses
The remaining moisture was determined, in triplet samples, as the weight loss after
drying at 105°C, ASTM E871 – 82 (2006). Standard methods were also used to determine the
volatile matter, ASTM E872 – 82 (2006), and ash content, ASTM D2974-87 (2007), while the
fixed carbon (%) was determined by difference. Complete elemental analyses of representative
samples from each algae harvest were performed in a specialized diagnostic laboratory (Huffman
laboratories, Golden, CO, USA). The heating values were determined on sample triplets,
according to standard ASTM D5865-12 (2012), using bomb calorimetry (Parr instruments,
Model 1341, Moline, IL, USA). The pH of algal biomass was determined using a pH electrode
(SB70P, SympHony, VWR, Radnor, PA, USA) after the dry, ground samples were diluted with
deionized water, 10 mL per 1 g of sample, then vigorously stirred and allowed to stand for 1 h
before measurement.
3.4. Thermogravimetric analysis methodology
A thermogravimetric analyzer (Model TGA 4000, PerkinElmer, Inc. Waltham, MA,
USA) was used to study the decomposition behavior of the two algal harvests. Prior to the algae
decomposition tests, a curie-point temperature calibration was performed using three reference
materials, i.e., alumel, perkalloy, and Iron, according to the manufacturer’s guidelines. Similarly,
82

a weight calibration was performed, before tests, using the manufacturer supplied reference
weight. Pyrolysis of each of two algae biomasses was studied under four different heating rates
(5, 10, 20, and 40ºC min-1) from 30ºC to 800ºC. Nitrogen gas was used to purge the sample (30
mL min-1) to simulate pyrolysis conditions. The sample size was consistently kept at 5 ± 0.5 mg
to minimize deviation (lag) between measured and actual sample temperatures, and to also
ensure that the decomposition reactions were not transport-limited. For each sample, blank, clean
crucibles were tested using the same thermal decomposition programs in order to adjust the
weight baseline by compensating for the drag force acting on the crucible.
3.5. Decomposition kinetics
The decomposition is often expressed in terms of the conversion (α) which describes the change
in sample weight, in a dimensionless form.
/ = 0 120 3
0 20
1

(1)

4

Wo, Wt, and W∞ are the sample weights at the beginning, at time t, and at the end of the
decomposition stage, respectively. The rate of conversion (dα/dt) is often expressed using an
Arrhenius type expression.
56
57

= : exp + @A?- 9#/(
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(2)

A, Ea, R, and T are the pre-exponential coefficient (frequency factor), the activation
energy, the universal gas constant, and the sample absolute temperature, respectively. f(α)
represents the kinetic model that describes the rate of conversion dependence on the conversion,
e.g., an n-order reaction model: f(α)= (1- α)n .
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Under a constant heating-rate (β= dT/dt), the time-dependence of the conversion rate can
be transformed to a temperature-dependence which can be used to rewrite the differential form
(equation 3) or the integral form (equation 4) of the decomposition kinetic expression.
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The following sections will detail the different model-free (isoconversional) methods
used to determine the apparent activation energies for algae pyrolysis.
3.6. Model-free (isoconversional) methods
Isoconversional methods overcome the requirement of determining the reaction model,
f(α), in order to determine the activation energy, Ea. This is accomplished by simultaneously
analyzing decomposition curves generated under different heating rates to extract the apparent
kinetics data, i.e., Ea and ln A, corresponding to each degree of conversion (α). Isoconversional
methods are popular in biomass decomposition studies due to the fact that biomass, a natural
biopolymer, undergoes a series of overlapping reactions, during pyrolysis or oxidation, which
cannot be described accurately by one-step, global reaction model. The downside in
isoconversional methods, however, is the inability to straightforwardly determine an exact model
expression, f(α) or g(α), to describe the entire decomposition.
In this research, one differential isoconversional method, Friedman method [9], and three
integral isoconversional methods: Kissinger’s [2], Flynn-Wall-Ozawa’s [8, 25], and KissingerAkahira-Sunose’s [30] were used to determine the pyrolysis kinetics of the two algae harvests
under study. Below is a brief description of each the methods.
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Friedman method
Re-arranging equation (3), then linearizing it by taking the natural log of both sides of the
equation
OP +D 5A - = ln^: 9#/(_ − @A?
56

>

(5)

At each α, the above equation describes the linear relationship between 1/T and ln(β
dα/dT) with each point representing a tested heating rate. The slope of this line represents the
activation energy term, Ea/RT, at this conversion degree whereas the intercept represents an
expression combining the reaction model and the pre-exponential factor, ln(A f(α)). Calculating
the slopes and intercepts at different α values, between 0.05 and 0.90, describe the kinetics of
decomposition as a function of the conversion degree.
Kissinger method
This method determines the activation energy (Ea) and the pre-exponential factor (A)
using the temperatures, Tmax values, that correspond to peak decomposition rates, (dα/dt)max in
thermogravimetric tests under different heating rates (β). The temperature integral in equation (4)
doesn’t yield an analytical, closed-form solution. Therefore, it is alternatively presented as
follows (Starink, 2003)
N#/( =

G>?
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Where x = Ea/RT, and the function p(x) represents
`#a( = Ie

g b cd
ef
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Many approximations were derived to determine p(x) numerically. In the Kissinger

method, the Murray and White approximation (Starink, 2003), `#a( ≅ i 2e /a ) , is used. The
underlying assumption in this method is that the decomposition follows a first-order reaction
model, i.e., f(α)= (1- α). Equation (8) details the relationship between Tmax, β, and Ea and A.
ln +
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By plotting ln (β/Tmax2) against (1/ Tmax), the activation energy (Ea/R) and the preexponential factor, ln (AR/Ea), terms can be determined, respectively, as the slope and the
intercept of the resulting straight-line.
Kissinger-Akahira-Sunose (KAS) method
A modified form of Kissinger’s method that was described earlier, KAS method
dispenses with the kinetic model assumption, and the use of only the peak decomposition data.
Instead, KAS is an integral method that relies on the different (α) values instead of the single
value corresponding to peak decomposition (dα/dt). Equation (8) can then be rearranged and
linearized
ln +A f - = OP T > V − ln#N#/(( − @A?
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The slope of the straight lines formed by plotting ln (β/T2) against 1/T at each degree of
conversion (α), with the points corresponding to the different β values, yields the activation
energy, Ea, corresponding to that conversion degree.
Flynn-Wall-Ozawa (FWO) method
In this method, the Doyle’s approximation (Doyle, 1962) to the temperature integral,

p(x), is applied: `#a( ≅ −5.33 − 1.05a. The linearized form of equation (4) becomes:
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At each degree of conversion (α), ln β and 1/T corresponding to each heating rate are
fitted into a straight line. The slope, (-1.052 Ea/R), represents the apparent activation energy
term, while the intercept is a coupled expression of the reaction model in the integral form, g(α),
the apparent activation energy Ea, and the frequency factor, A.
3.7. Kinetic modeling of algae pyrolysis
In order to investigate the pyrolysis of the two algae consortia, the weight loss was modeled
as a series of overlapping independent, parallel reactions taking place between 100°C and 700°C.
This approach was presented elsewhere as a deconvolution step necessary to understand the
devolatilization of a biopolymer by modeling the various pseudo-components contributing to its
overall decomposition. In this study, algae pyrolysis was modeled as 4 independent, 1st order
reactions. The rate of conversion (dα/dt) for pseudo-component (N) is:
56l
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Consequently, the total rate of conversion (dαTotal/dt) can be determined from the individual
pseudo-components using the following expression:
56n13?o
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and ∑m
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(12)

The quantity, wi, represents the contribution of each individual pseudo-component to the
overall sample conversion. The conversion rate can be converted to the mass loss rate using the
following relation:
5uv?ov
57

= −#wC − wJ (

56n13?o
57

(13)
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mo and mf represent the initial and final sample weights. Numerical integration between the
temperatures of interest, i.e., 100°C to 700°C in this study, yields the computed overall weight,
mcalc. The parameters of each reaction, i.e., A, Ea, and w were determined by nonlinear
minimization of an objective function (O.F.) which represents the sum of squared differences
between observed sample mass loss rate, dmobs /dt, and the calculated mass loss rate, dmcalc/dt:
|
x. y. = ∑rst
#

m

5uv?ov
57

−

5u1z{ )
(
57

(14)

In this study, the total number of points, Np, used in reaction modeling for each
thermogram was 300 points. The quality of fit, QOF (%), for the weight loss derivative (DTG)
and the weight loss (TG) were determined using the following expressions:
‚∑l| +ƒkv?ov 2ƒk1z{ -

}xy~A• #%( = 100 •

„…†

l

ƒ3

m‡

ƒ3

‚∑ | #uv?ov 2u1z{ (f
„…†

}xyA• #%( = 100 •

m‡

f

ˆ/‰

‰

(15)

ˆ /#wC‹Œ (uŠe

(16)

5u1z{
57

uŠe

Numerical integration was performed using a numerical integrator for stiff-equations,
(ODE15s) while the constrained nonlinear minimization was performed using the (fmincon)
function, both of which are part of the MATLAB software package (MATLAB R2013b, The
Mathworks, Inc., Natick, MA, USA).
4. Results and Discussions
4.1. Species indentification
The harvested microalgae species were inspected non-quantitatively using optical
microscopy. The microalgae consortium in each harvest, i.e., Algae 1 and Algae 2, consisted
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mostly of filamentous microalgae mixtures in addition to diatoms. The most common
filamentous genus identified in Algae 1 was Mougeotia, while the genus Cladophora dominated
Algae 2 harvest. Both genera are common fresh-water microalgae, which were reported to be
tolerant of a wide range of growing conditions [15, 22]. In a study of algal growths in Lake Mead
(Nevada-Arizona, USA), predominance of Mougeotia species was reported in certain
monitoring stations during the summer months (June-July) which then changed to Cladophora
and Stigeoclonium dominance during the months of October and November.
4.2. Proximate analysis
Table 4-1 shows the results of proximate analysis of the two algae. The low moisture
content in both harvests, around 5% wet-basis, represents the moisture absorbed after drying and
during sample preparation. Comparison of proximate analysis results for the two algae harvests
showed significant differences (t-test, p< 0.01) in volatile matter, fixed carbon, and ash contents.
The ash contents observed in both algae consortia: 20% in Algae 1 and 32% in Algae 2 are
noticeably high in comparison to the ash contents of terrestrial biomass (wood, grasses, and crop
residue) which are below 10 wt.%. This is explained by algae’s high potential for mineral
biosorption and due to their simple cellular structures. The ash content in aquatic biomass vary
drastically from less than 10% [10] to more than 50% [35], according to type of alga and growth
conditions. Algae grown on wastewater or high-mineral effluents in open ponds/raceways are
expected to contain higher ash than algae produced in a closed-system on low-minerals water.
The difference in ash contents, 12 percentage points, in this study could be attributed to use of
the alum flocculant, Al2 (SO4)3 14 H2O, on the swine manure slurries used to grow Algae 2. The
high percentages of Al2O3 and SO3 found in Algae 2 ash residue, 19.86% and 10.25%, compared
to Algae 1, 1.93% and 4.54%, respectively, supports this hypothesis (Table 4-1). This difference
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in the ash contents also explains the relatively low volatile matter and fixed carbon contents
observed in Algae 2 when compared to Algae 1.
4.3. Elemental composition and higher heating value
Percentages of the main organic elements: carbon (C), hydrogen (H), nitrogen (N), and
oxygen (O), in both algae are shown in Table 4-1. Algae 1 sample showed higher content of
organic elements when compared to Algae 2 sample, except for N. These differences are
attributable, as discussed earlier, to the use of metal salt to precipitate the suspended solids in the
manure slurry used in Algae 2 production. By contrast, the higher N content in Algae 2 is due to
the elimination of slurry dilution, which was employed in growing the Algae 1 consortia. N
loading was reported to influence the lipid and protein in the algal biomass [33]. In lipid
production from microalgae, a nutrient stress is typically imposed by reducing N-loading to
induce lipid production and storage in algae cells. In phycoremediation, by contrast, algae are
grown on N-rich substrates, which increase the protein content in the cells. From their N
contents, the protein content in Algae 1 and 2 can be estimated using Jones’ factor of 6.25 [17] to
be 33.8% and 39.7%, respectively. Unlike terrestrial biomasses, which consist primarily of
cellulose, hemicellulose, and lignin, microalgae are single cell organisms that consist of
carbohydrates, proteins, and lipids. This structural difference can be observed in the
stoichiometric expressions for Algae 1: CH1.62 N0.11O0.49 and Algae 2: CH1.68 N0.16O0.47, as
compared to that for hybrid poplar wood [16]: CH1.45N0.01O0.60.
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Table 4-1 Proximate, ultimate, ash, calorific value, and pH analyses for the two algae
consortia studied
Algae 1 Algae 2
Proximate analysis (wt%*)
Moisture

5.14

5.09

Volatile matter

64.49

56.30

Fixed carbon**

10.41

6.32

Ash

19.96

32.29

C

41.51

33.79

H

5.59

4.73

N

5.40

6.35

S

0.51

1.57

O**

27.03

21.27

Ash

19.96

32.29

Al2O3

1.93

19.86

SiO2

14.57

16.44

P2O5

15.69

15.27

K2O

6.57

12.09

SO3

4.54

10.25

CaO

37.15

9.85

Na2O

3.08

4.88

MgO

4.46

4.06

Fe2O3

1.42

3.50

MnO

0.08

0.17

TiO2

0.06

0.15

HHV*** (kJ g-1)

16.63

14.53

pH

6.88

7.69

Ultimate analysis (wt%)

Ash analysis (wt %)

*Weight-basis percentage
**By difference
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The difference observed in the higher heating values (HHV) between the studied algae
harvests, 16.6 kJ g-1 in Algae 1, and 14.5 kJ g-1 in Algae 2, could be attributed to the difference
in the ash contents. Calculating the dry, ash-free HHV (DAF), using the ash contents and the
dry-basis HHVs in Table 4-1, shows both algae to have similar energy contents, i.e., 21 kJ g-1DAF.
4.4. Thermogravimetric analysis
With the temperature increase, the samples underwent a series of endothermic and
exothermic reactions, which involved varying degrees of weight-loss (devolatilization) and
structural change to the sample matrix. In both algae consortia, decomposition temperatures
increased with increasing the heating rate (β). Doubling β led to an increase between 7 and 9°C
for the entire weight loss curve. Similarly, the rate of weight loss was observed to double with
each doubling of the heating rate. In Algae 1, the pyrolysis resulted in a weight loss of 69 – 72%
of initial weight whereas in Algae 2 the weight loss ranged between 62 and 67% over the entire
temperature range, 30 – 800°C. The difference in ash contents between the two algal consortia
was reflected in difference between overall weight-loss.
During algae pyrolysis, the weight loss can be divided into three consecutive stages: drying,
active pyrolysis, and passive pyrolysis. Drying, which typically takes place below 110°C, is the
first step in algae pyrolysis and it involves the evaporation of both free and hygroscopic water in
the sample matrix. In this step the initial weight dropped around 5% with the corresponding DTG
peak at around 100°C. After drying, the samples underwent a brief induction period, between
110 and 150°C, in which the weight loss was minimal.
In pyrolysis, most of the weight loss takes place, between 150°C and 550°C, during the
active pyrolysis stage. This weight loss represents the thermal depolymarization and

92

volatilization of various organic matter (volatile matter) components. Algae 1 lost 58% of total
weight during the active pyrolysis step compared to only 50% weight-loss in Algae 2. Despite
the similarity in peak decomposition temperatures in the two consortia (Table 4-2), the maximum
decomposition rates for Algae 1 samples, 0.44 – 0.48% °C-1, were consistently higher than those
observed for Algae 2, 0.33 – 0.37 % °C-1.
Table 4-2 Pyrolysis temperature (°C) and weight loss (%) corresponding to peak
decomposition rate (% °C-1) in both algae consortia
Algae 1

Algae 2

Heating rate

-(dW/dT)p

Tp

WLp

-(dW/dT)p

Tp

WLp

(°C min-1)

(% °C-1)

(°C)

(%)

(% °C-1)

(°C)

(%)

5

0.48

298.58

28.4

0.36

302.16

24.4

10

0.47

308.01

28.2

0.37

309.30

23.9

20

0.44

315.72

27.3

0.33

317.28

23.9

40

0.45

328.31

27.6

0.33

328.64

24.3

In biopolymers such as microalgae, the thermal decomposition represents the summation of
decomposition profiles for the individual components. Given the wide variability between
microalgae species, in terms of main ingredients’ concentration and composition, the
decomposition profiles under pyrolysis can vary greatly. Maddi, Viamajala and Varanasi (2011)
compared pyrolysis thermograms of Lyngbya sp. and Cladophora sp., and attributed the
dissimilarity to differences in protein compositions [19]. In this study, the seasonal variability
between consortia induced differences in algal community compositions, which were reflected in
the respective decomposition profiles. In both consortia, however, the main decomposition peak
took place in the range associated with carbohydrates and proteins indicating a similarity in the
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main composition. Furthermore, the peak associated with lipids decomposition (above 390°C)
[24] was only a small shoulder in both consortia, indicating low lipid contents.
During passive-pyrolysis (T> 550°C), both algae harvests showed minimal weight-loss,
which is characteristic of char pyrolysis. A minor decomposition peak (0.06 % °C) which was
observed in Algae 1 between 650 and 700°C was not observed in Algae 2. In studying the
pyrolysis of Chlorella vulgaris, Agrawal and Chakraborty (2013) attributed a similar high
temperature weight-loss peak (at 700°C) to a char gasification step, which was explained as CO2
loss [1]. Maddi, Viamajala and Varanasi (2011) also reported a high temperature peak during
the decomposition of Cladophora sp. but could not identify the component associated with it
[19]. The kinetics of decomposition for both algae consortia during the active pyrolysis stage,
150-550°C, will be discussed in the following section.
4.5. Pyrolysis kinetics
The temperature-conversion data in each algae sample (
Figure 4-1) was used to determine the decomposition kinetics during the active pyrolysis stage
(150-550°C). The conversion profile for each algae consortium approximates a sigmoidal
function, which is typically associated with the autocatalytic reactions involved in pyrolysis [21].
The kinetics determined using isoconversional methods, i.e., activation energy and preexponential term, are detailed in Table 4-3. Both isoconversional and integral methods showed
strong correlation coefficients (r) and high significance (p-value<0.01). In each algae
consortium, the KAS and FWO activation energy values were very close, within 2%, at each
conversion degree. Activation energies determined using Friedman method, on the other hand,
were consistently higher than KAS and FWO, at times by 12%, as shown in Figure 4-2. This
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difference in the activation energies, between the differential and integral methods, could be
attributed to the numerical differentiation step necessary to determine the kinetics in Friedman
method.

Figure 4-1 Conversion-temperature (α-T) curves for (A) algae 1, and (B) algae 2 under
different heating rates: β= 5, 10, 20, and 40°C min-1
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Figure 4-2 The activation energy (Ea) corresponding to degrees of conversion (α) during
pyrolysis of (A) Algae 1, and (B) Algae 2 using: Friedman (FR), Kissinger (K), KissingerAkahira-Sunose (KAS), and Flynn-Wall-Ozawa (FWO) methods
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Table 4-3 The pyrolysis activation energy (Ea), and intercept term (ln z) corresponding to different degrees of conversion (α)
for Algae 1 and Algae 2 using Friedman, Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO), and Kissinger
methods

(α)
Algae 1

0.2
0.3
0.4
0.5
0.6
0.7
0.8

Kissinger method
Algae 2

0.2
0.3
0.4
0.5
0.6
0.7
0.8

Kissinger method
*ln A (s-1)

Friedman method
Ea
ln z
(kJ mol-1)
(s-1)

r

203.3
210.1
213.7
223.4
247.8
296.0
361.7

37.319
37.856
37.738
38.709
42.195
49.348
57.759

1.000
0.999
0.999
0.999
0.998
0.995
0.991

213.4

39.815*

0.998

263.1
265.3
271.6
290.4
345.6
454.5
538.3

50.229
49.248
49.269
51.609
60.407
77.656
87.512

0.997
0.997
0.997
0.996
0.994
0.991
0.984

247.8

46.886*

0.999

KAS method
Ea
ln z
(kJ mol-1)
(s-1)

r

FWO method
Ea
ln z
(kJ mol-1)
(s-1)

r

195.7
205.1
208.6
213.9
228.8
267.0
343.9

32.461
33.158
32.874
32.984
34.835
40.565
51.735

1.000
1.000
1.000
1.000
0.999
0.996
0.990

194.7
204.0
207.5
212.8
227.2
263.8
337.5

47.098
47.855
47.617
47.770
49.670
55.467
66.742

1.000
1.000
1.000
1.000
0.999
0.996
0.990

267.2
264.9
266.8
276.7
313.8
417.3
527.9

48.025
45.597
44.580
45.197
50.767
67.603
82.781

0.997
0.998
0.997
0.996
0.994
0.990
0.984

262.7
260.9
262.9
272.6
308.1
406.9
512.6

62.662
60.300
59.334
60.000
65.628
82.544
97.834

0.998
0.998
0.997
0.997
0.995
0.990
0.985
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Although Friedman method does not rely on the integral approximation which is crucial to
the integral methods, the numerical differentiation used in this method magnifies the instrument
noise which necessitates data smoothing prior to analysis thus introducing a degree of
uncertainty. The activation energies calculated using Kissinger method were 213.4 and 247.8 kJ
mol-1 for Algae 1 and Algae 2, respectively. These values were constant over the entire range of
conversion since they represent one data point, α –T pair, from each thermogram. By contrast,
the activation energies computed using Friedman, KAS and FWO methods showed a strong
dependence on the degree of conversion (α) in each algae consortium. This dependence,
however, can be divided into three stages: α<0.20 where the activation energies fluctuated
strongly with the conversion, 0.20≤ α≤ 0.60 where the activation energies were not strongly
dependent on the conversion degree, and finally, 0.60<α where the activation energies increased
dramatically with the progress of decomposition. The increased Ea ‒ α dependence in polymers
was associated with parallel reactions, each having different activation energy [32]. Yao et al.
(2008) suggested that multistep decomposition mechanisms are the cause for increases Ea at α >
0.7 during the pyrolysis of natural fibers [34]. It is worth noting, however, that the activation
energy estimated using Kissinger method closely represents the mean activation energy value
using Friedman, KAS and FWO during constant activation energy zone, i.e., 0.20≤ α≤ 0.60.
Results of pyrolysis modeling using independent parallel reactions (IPR) are detailed in
Table 4-4 as well as in Figure 4-3, and Figure 4-4. The IPR model closely captured the weight
loss profiles observed during active and passive pyrolysis stages for both algae harvests as shown
in Figure 4-3. The quality of fit (QOF DTG %) ranged between 2.09 and 3.31% indicating only
minor deviations between calculated and observed weight loss data.
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Figure 4-3 Comparison between observed weight loss (markers) and calculated weight loss
(lines) using independent parallel reactions (IPR) model for Algae 1 (A) and Algae 2 (B)
First-order reaction model appears to be capable of describing microalgae pyrolysis
reactions satisfactorily. Earlier studies used this model to describe the pyrolysis kinetics of
various biomass residues such as cardoon stems and leaves, and rice hulls [31, 5].
The apparent activation energies for Algae 1 pyrolysis reactions ranged from 33.26 to
97.66 kJ mol-1 while the apparent activation energies for Algae 2 pyrolysis reactions varied
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between 33.87 and 97.36 kJ mol-1. Contribution of the modeled pseudo-components to the
overall decomposition rate is detailed in Figure 4-4.
In both consortia, the peak devolatilization of each pseudo-component took place at a
different temperature, starting at 100° to 120°C for pseudo-component 1(47.00 ~ 49.65 kJ mol-1)
which represents the devolatilization of moisture and light hydrocarbons. Between 300°C and
400°C, both pseudo-components 2 and 3 (Table 4-4) showed overlapping peak devolatilization
representing the bulk of the total weight loss (between 72% and 92% of total weight loss).
Decomposition peak for reaction 2, as shown in Figure 4-4, coincided with the overall peak
decomposition observed in both algae as listed in Table 4-2. The two overlapping peaks:
reactions 2 and 3 in both consortia appear to represent the decomposition of the main algae
ingredients, i.e., protein and starch. The decomposition peaks of individual starch and protein
model substances: corn starch and Lysozyme protein [19] appear to resemble the overlapped
peaks in Figure 4-4. The fourth pseudo-component showed peak decomposition around 600°C,
which represents the passive pyrolysis weight loss.
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Figure 4-4 Comparison between observed weight loss (markers) and calculated weight loss
(lines) using independent parallel reactions (IPR) model for Algae 1 (A) and Algae 2 (B)
with the different heating rates, 5, 10, 20 and 40°C min-1, represented by the numerals
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Table 4-4 Pyrolysis kinetics of the two algae consortia as modeled using Independent parallel reactions (IPR) model
-1

Algae 1
10°C min-1 20°C min-1

Reaction

Kinetics

5°C min

1

w1
A1 (s-1)
Ea1 (kJ mol-1)

0.11
3.3E+01
47.00

0.01
3.8E+04
49.17

2

w2
A2 (s-1)
Ea2 (kJ mol-1)

0.31
2.1E+06
97.09

3

w3
A3 (s-1)
Ea3 (kJ mol-1)

4

w4
A4 (s-1)
Ea4 (kJ mol-1)

QOF*

DTG (%)
TG (%)

*Quality of fit

-1

-1

Algae 2
10°C min-1 20°C min-1

40°C min-1

40°C min

5°C min

0.02
8.6E+04
49.65

0.02
5.4E+04
48.57

0.04
1.0E+03
47.06

0.03
4.3E+03
46.20

0.05
1.0E+02
32.89

0.03
9.0E+04
49.63

0.36
3.1E+06
97.66

0.39
3.6E+06
97.03

0.42
5.3E+06
97.24

0.29
2.1E+06
97.36

0.30
2.3E+06
96.35

0.35
2.7E+05
84.23

0.31
4.1E+06
95.86

0.41
1.8E+00
39.59

0.49
1.1E+00
33.60

0.49
1.7E+00
33.26

0.50
4.9E+00
35.77

0.49
1.8E+00
39.59

0.52
1.2E+00
34.42

0.43
5.5E+00
39.42

0.51
3.6E+00
33.87

0.16
3.5E+01
78.06

0.14
1.4E+01
69.37

0.11
2.8E+01
69.35

0.07
8.1E+01
69.28

0.18
3.8E+01
78.03

0.15
8.6E+01
80.49

0.17
8.5E+01
74.27

0.15
8.1E+01
69.10

3.31
1.62

2.89
1.03

2.80
0.61

2.76
0.55

2.78
0.80

2.09
0.75

2.54
0.56

3.03
0.53
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The differences observed between the apparent activation energies determined using
isoconversional methods, and those determined using the independent parallel reactions (IPR)
model are attributed in part to the reaction model used. While isoconversional methods
determine an overall apparent activation energy without specifying a reaction model (modelfree), modeling the pyrolysis kinetics necessitate the assumption of a reaction model with
multiple activation energies for the different reactions involved. Damartzis et al. (2011) showed
a similar contrast between the activation energies of cardoon pyrolysis determined using
isoconversional methods and those using IPR model [5]. They suggested that isoconversional
methods are most suited to qualitative evaluations of the pyrolysis process, whereas models such
as IPR are more suitable quantitatively to study and model the pyrolysis process.
It is worth noting, however, that in terrestrial biomasses such as wood, and crop residues,
the individual pseudo-components resulting from kinetic modelling, such as IPR, can be easily
associated with original biomass ingredients, i.e., cellulose, hemicellulose and lignin. However,
given the species heterogeneity of the algal consortia investigated here, not to mention the
complex structures in individual algal species, it is not possible to map the modeled pseudocomponent to specific structural components or intermediate species. Nonetheless, coupling
these pseudo-components to the evolved species, via spectral analysis, can offer better
understanding of the original species undergoing decomposition.
5. Conclusions
1. The algae genus Mougeotia was the common genus in the Algae 1 harvest, while the genus
Cladophra was predominant in the Algae 2 harvest.
2. In isoconversional methods, the apparent activation energies for pyrolysis of Algae 1 were
lower than Algae 2 pyrolysis.
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3. Friedman method activation energy values were within 12% of Kissinger-Akahira-Sunose
(KAS) and Flynn-Wall-Ozawa (FWO) values.
4. The activation energy dependence on conversion suggests complex reaction schemes which
should not be reduced to a single-step reaction.
5. The pyrolysis kinetics of each consortium was modeled using independent parallel reaction
(IPR) model as a group of four parallel, independent, first-order reactions.
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Chapter 5 Combustion Kinetics of Swine Manure and Algal Solids
1. Abstract
In this study, combustion kinetics of swine manure, as well as algae grown using swine
manure wastewater were investigated. Four heating rates (1, 5, 10, and 20°C min-1) were used to
determine combustion kinetics using thermogravimetry. Swine manure solids showed higher
carbon concentration (10.6%) and hydrogen concentration (18.8%) as well as energy content
(14.2%) than algal biomass solids. Each feedstock showed a distinct decomposition profile that
increasingly shifted with increasing the heating rate. The combustion kinetics were determined
using Kissinger method, Flynn-Wall-Ozawa (FWO), and Kissinger-Akahira-Sunose (KAS).
Differences between FWO and KAS were below 2% throughout the entire conversion. Average
activation energy for swine manure and algae, using FWO, were 172.6 kJ mol-1, and 165.1 kJ
mol-1, respectively. Combustion of three blends of algae-swine manure solids were studied at
10°C min-1 with no synergistic effects observed.

2. Introduction
The objective of this study is evaluating the air combustion kinetics of both swine manure
separated solids, and microalgae that were grown on swine wastewater slurries. The impetus
behind this research is the significant contribution of livestock production to global Greenhouse
gas (GHG) emissions, i.e., more than 18% [25]. A large proportion of these emissions is
attributable to manure management practices, which include: manure open-pit storage, and
manure application to cropland, resulting in CO2, CH4 and N2O emissions. Expansions in swine
production and increases in the number of animals per farm further have compounded the
manure problem. Due to the large volumes of manure per farm, combined with the high cost of
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its transportation, manure is occasionally applied to agricultural fields at rates beyond the
assimilative capacity of the soil, resulting in over-application. In addition to increasing GHG
emissions, over-application also results in nutrient runoff and in contamination of groundwater
and surface-water reserves [4]. Many approaches are available to mitigate the challenges
associated with swine manure management while also utilizing its energy content. A promising
technique is liquid-solid separation of swine manure followed by thermochemical conversion of
the manure solids, i.e., incineration, gasification or pyrolysis [28]. Sommer et al. (2009)
evaluated various manure management scenarios and technologies with respect to their impact
on GHG emissions [26]. They reported a reduction between 49% and 82% in emissions with the
separation and incineration of manure as compared to the baseline scenario of outside storage
then land application to grassland or arable soils.
Reducing the nutrient loading of swine manure slurry is among the main strategies to
cope with the increasing manure reserves and declining arable lands for application. The
treatment of wastewater by algae cultivation was shown to help reduce nitrogen, phosphorous,
and heavy metals loading in the water effluent while also reducing its chemical oxygen demand
(COD) [7, 27]. Kebede-westhead et al. (2003, 2006) investigated the efficacy of scrubber algal
consortium in removing nutrients and heavy metals from dairy and swine manure effluents [8, 9].
Nutrient removal efficiencies were found to be dependent on the nutrient loading rates,
temperature, and insolation. The low fatty acids content in the algae harvested from water
remediation applications makes them unlikely feedstock for lipid-extraction or biofuel
production [14]. Alternative uses of the harvested algal biomass include composting, direct land
application, and incineration. The implementation of a creative manure management scenario
could prove beneficial. As an example, solid-liquid separation of the manure, and the utilization
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of the liquid fraction for algae cultivation, and finally harvesting the algae solids, and utilizing
algae and manure solids for thermochemical conversion could be implemented. This scenario
can potentially reduce the overall GHG emissions and the nutrients runoff while also generating
two biomass streams (manure, and algal solids) with medium to high heating values (14 ~ 21 kJ
g-1) [24, 5].
The study of biomass thermal decomposition under a controlled environment is essential
to the development of large-scale conversion platforms. Thermogravimetric analyses (TGA)
facilitate the study of biomass decomposition in various gas environments under isothermal or
non-isothermal conditions. An earlier study investigated the pyrolytic decomposition kinetics of
two different swine manure solids, in nitrogen environments, using model-free kinetics methods
[22]. Otero et al. (2011) investigated the kinetics of co-firing coal and swine manure biomass
and determined the activation energies for their blends [16]. Similarly, several studies examined
the pyrolysis of various micro- and macro-algal species and reported a varying range of
activation energies [13, 1, 21]. Sanchez-Silva et al. (2013) investigated pyrolysis, oxidation, and
gasification of Nannochloropsis gaditana alga species [19]. Very few studies reported on the
combustion kinetics of swine manure solids, or algae consortia produced on a wastewater
substrate. Also, to our knowledge, no studies investigated the combustion characteristics of
blends of swine manure with algal solids.
The goal of this study was to investigate the combustion characteristics of swine manure solids,
and microalgae biomass solids, both harvested from the same production system. Also, this study
reported the combustion kinetics for both feedstocks using various model-fitting and model-free
methods. Finally, the combustion of swine manure-algal consortia blends was investigated to
characterize potential interaction between these two feedstocks.
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3. Materials and Methods
3.1. Swine manure
In this study, swine manure was collected from a growing-finishing farm (Washington
County, Arkansas), which houses 818 hogs. This farm is part of an Arkansas Agricultural
experiment station, Division of Agriculture, at the University of Arkansas, Fayetteville. Since no
mechanical solids separation was practiced on farm, the manure sludge was collected directly
from the settling pond using a fine-meshed sampling bag. Pyrolysis kinetics of these manure
solids have been previously reported [22].
3.2. Microalgae solids
The microalgae biomass used in this study was grown in a series of open channels, 3.0 m
× 0.15 m, using diluted swine manure slurries collected from the same hog farm mentioned
earlier. The dilution was performed to maintain the levels of dissolved ammonia (NH3) in the
slurry below 40 mg L-1. Details of NH3 loading influence will be discussed in a separate
publication. The algae growth channels were lined with fibrous media to facilitate attachment.
The algal growth system was open during production without control over the growing species.
The microalgae harvest followed a 5-day cycle using rubber-bladed scrapers. An earlier study
investigated the pyrolysis kinetics of these algal consortia [21].
3.3. Material preparation and analysis
After collection, swine manure and microalgae were stored separately in airtight plastic
containers and kept at 4°C for at least 48 hours. Later, each feedstock was thawed at room
temperature then oven-dried at 105°C for 24 h. Dried manure and microalgae were ground using
a cutting mill to 1 mm particle size (Thomas Wiley® cutting mill- Model 3383L10, Swedesboro,
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NJ). Samples were collected from the ground microalgae and swine manure solids to perform
various analyses. A fraction of the ground, dried manure solids and microalgae was further
ground to less than 200µm diameter (1 µm = 10-6 m) for use in thermogravimetric analyses using
a cutting mill (Polymix PX-MFC 90 D, Kinematica AG, Switzerland).
The moisture in the dried, ground feedstock was quantified as the weight loss after drying for 24
h at 105°C, following procedure ASTM E871 – 82 (2006). The volatile matter and ash contents
were determined according to standards: ASTM E872 – 82 (2006), and ASTM D2974-87 (2007),
respectively, whereas the fixed carbon content (%) was determined by weight differences.
Elemental analysis of each feedstock was performed in a diagnostic laboratory (Huffman
Laboratories, Golden, CO, USA). The higher heating values (HHV) were determined using
bomb calorimetry (Parr instruments, Model 1341, Moline, IL, USA) according to the standard
method, ASTM D5865-12 (2012).
3.4. Thermogravimetric analysis
Oxidative decomposition of swine manure solids and microalgae biomass was
investigated using a thermogravimetric analyzer (Model TGA 4000, PerkinElmer, Inc. Waltham,
MA, USA). The samples were heated in air environments (50 mL min-1) from 30°C to 800°C at
4 different linear heating rates: 1, 5, 10 and 20°C min-1, where sample temperature and mass
were recorded as a function of time. In each test, the data-sampling rate was 1 data point second1

. Sample size was kept consistently at 1.0 ± 0.1 mg (1 mg= 10-6 kg) to minimize mass and heat

transfer limitations relevant in gas-solid reactions such as combustion. The samples were heated
in alumina crucibles (Al2O3), which were cleaned and ashed between tests. Also,
thermogravimetric tests were performed using an empty clean crucible, under each heating rate
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mentioned earlier, to quantify and subtract the crucible buoyancy effect from the
thermogravimetric data.
3.5. Manure-algae blends
Representative samples from dry, ground algae and manure solids were used to create
blends with different mixing ratios. Three blends of algae and swine manure were prepared with
three mixing ratios: 1:3, 1:1, and 3:1, on a weight-basis. TGA tests of each of these blends were
studied at one heating rate, 10°C min-1.
3.6. Data processing
Temperature, time and weight data for each test were imported to the MATLAB software
package (MATLAB R2014a, The Mathworks, Inc., Natick, MA, USA) then smoothed using a
Gaussian filter routine (σ =7.0) [12]. Weight loss (TG) and weight loss derivatives (DTG) were
generated using the smoothed data in each test. The following section details the theory and the
corresponding mathematical expressions used to determine the combustion kinetics in swine
manure solids and algal biomass.
3.7. Theory
The sample conversion (α) is represented by the change in the sample weight:
/ = 0 120 3
0 20
1

(1)

4

Where Wo, W∞, and Wt are the sample starting weight, final weight, and the weight at
intermediate time t, respectively. The conversion temperature-derivative (dα/dT) is presented in
the following equation:
56
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The reaction kinetic parameters, i.e., A, Ea, and f(α) define the sample decomposition rate. A is
the frequency factor, Ea the activation energy, and f(α) is a conversion-dependent function. This
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triplet depends on the sample nature, as well as on the reaction conditions. β, R and T represent
the sample heating rate, the universal gas constant, and the sample absolute temperature,
respectively. The integration of equation (2) yields:
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where g(α) is the integral form of f(α). In this study, three different methods were used to
determine the combustion kinetic parameters for swine manure and algal biomass, i.e., Kissinger,
Kissinger-Akhaira-Sunose (KAS), and Flynn-Wall-Ozawa (FWO). Each of these methods
requires at least 3 tests at different (β) in order to extract the kinetic parameters. These methods
all belong to isoconversional methods, where the reaction rate parameters for conversion at
different heating rates (β) are determined for points corresponding to the same degree of
conversion (α).
Kissinger method
In this method, the conversion-dependent function, f(α), is assumed to be first-order, i.e.,
f(α)= (1- α). Also, the activation energy (Ea) and frequency factor (A) are determined at the peak
decomposition rate, (dα/dt) max, using the corresponding temperatures, Tmax, under different
heating rates (β). Accordingly, the following linearized relationship (equation 4) is used to
extract the reaction parameters from multiple thermogravimetric tests:
ln +A
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Plotting ln (β/Tmax2) versus (1/ Tmax) yields a straight line with the slope (Ea/R), and the intercept
ln (AR/Ea), which are then used to determine the activation energy (Ea) and frequency factor (A)
values.
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Kissinger-Akahira-Sunose (KAS) method
In this modified Kissinger method, the assumption that the reaction is first-order is
dropped and instead, f(α) is coupled with the intercept term as shown in equation (5) below. This
method determines the reaction rate parameters over the entire decomposition range, not only at
the peak decomposition points.
ln +A f - = OP T > V − ln#N#/(( − @A?
H

G@
?

>

(5)

Equation (5) yields a family of straight-lines by plotting ln (β/T2), and 1/T values
corresponding to different conversion (α) degrees, at different heating rates (β). The activation
energy, Ea, at each (α) is determined from the slope term, while the combined intercept term
represent the frequency factor, A, and the integral form of the decomposition model, g(α).
Flynn-Wall-Ozawa (FWO) method
Similar to KAS, this method uses a linearized form of the integral expression in equation
(3) to determine the kinetic triplet:
?
ln D = OP T@U#6(
V − 5.33 − 1.052 +@A? -

G>

>

(6)

(ln β) and (1/T) for each heating rate (β) are plotted at the different conversion degrees (α) then
fitted to a straight line. The slope term, in each straight line, represents the apparent activation
energy, (-1.052 Ea/R), while the intercept combines the reaction model in its integral form, g(α),
the apparent activation energy, Ea ,and the frequency factor, A.
4. Results and discussion
4.1. Proximate, elemental and heating value analyses
Table 5-1 shows the composition of manure solids and algal biomass solids used in this
study. The volatile matter content in the swine manure solids, 70.95%, and the algal biomass,
71.40%, were not significantly different (t-test, p= 0.42).. The mean ash content of the algal
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biomass was significantly higher than that in the swine manure solids (t-test, p<0.0001). This
difference is can be attributed to the type of microalgae grown, the amount of salt and minerals
in the growth substrate, and the amount of salt absorbed with intercellular water in the algae.
Both values, however, were appreciably higher than those reported for wood and perennial
grasses, i.e., <10% [18]
Table 5-1 Proximate, elemental and heating value analyses of algae and swine manure
Algae
Swine Manure
Proximate analysis (db%*)
Volatile matter

71.40

70.95

Fixed carbon**

10.41

18.15

Ash

18.19

10.90

C

41.5

46.4

H

5.6

6.9

N

5.4

1.8

S

0.51

0.6

O**

27.0

33.4

HHV bomb calorimetry*** (kJ g-1)

16.62

19.39

HHV[21] (kJ g-1)

16.59

19.16

Ultimate analysis (db %)

*dry weight basis
**by difference
***Higher heating value per unit dry weight
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In addition to the ash differences, the organic matter composition showed variability
between both feedstocks as evidenced by the C, H, N, and O contents. The higher C and H
contents in the swine manure and low ash content, as compared to algal biomass, may account
for the difference in the higher heating values. Elevated levels of carbon and hydrogen indicate
the presence of unoxygenated hydrocarbons, which resulted in high combustion enthalpies. In
addition to bomb calorimetry determination, a predictive correlation developed by Sheng and
Azevedo (2005) was used to estimate the heating value of both feedstocks from their elemental
composition [23]. Although the latter correlation was developed by regression of data obtained
from lignocellulosic biomass, the model showed good agreement with calorimetery values, i.e.,
0.24%, and 1.17% below the calorimetrically determined values. The heating values of algae and
swine manure solids were sensitive to the ash content, and consequently, to their production
conditions. When grown under nitrogen-limited conditions, the alga species Chlorella vulgaris
was shown to store high amounts of lipid and, consequently, exhibited a higher calorific content,
28 kJ g-1 [20]. The composition of manure solids was reported to depend on the age and storage
conditions [17]. Biological decomposition of manure, whether aerobic or anaerobic, resulted in a
loss of organic matter and, correspondingly, a loss of stored chemical energy.
4.2. Thermogravimetric decomposition
Figure 5-1 shows the weight loss (TG), and weight loss derivative (ash-free basis) (DTG)
during air combustion of algal and swine manure solids under different heating rates. Increasing
in the heating rate (β) resulted in a delay in the weight loss towards higher temperatures. Only
marginalweight loss occurred below 200°C in both feedstocks, mostly due to moisture
evaporation. Above 200°C, however, the weight loss proceeded in two consecutive stages, i.e.,
devolatilization, and char oxidation, as indicated by the weight loss derivative plots. Similar
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weight loss profiles were observed in oxidative tests of miscanthus, poplar and rice husks [11].
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Figure 5-1 Thermogravimetric weight loss (TG) (ash-free basis) and its derivative (DTG)
for [A] algae and [B] swine manure samples, at heating rates (β) = 1, 5, 10, and 20°C min-1
The first stage, below 350°C, marked the destruction and devolatilization of labile
organic species, such as hemicellulose (starch), through pyrolytic reactions. Comparisons
between peak weight loss temperatures for swine manure and algae solids, during this stage,
show algae peak decomposition to precede swine manure decomposition peaks (Table 5-2).
However, decomposition peaks for swine manure solids during this stage were between 40% and
50% higher than those observed during algae decomposition. This step typically involves
autocatalytic, solid-phase reactions, which are also observed under inert (oxygen-free)
conditions.
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Table 5-2 Combustion characteristics for algae and swine manure samples under different
heating rates
Devolatilization stage

Feedstock

Char Oxidation stage

Heating rate

-(dW/dT)p

Tp

-(dW/dT)p

Tp

(°C min-1)

(% °C-1)

(°C)

(% °C-1)

(°C)

1

0.497

269.6

0.324

454.3

5

0.446

287.1

0.316

494.7

10

0.451

296.0

0.334

509.7

20

0.444

300.5

0.330

528.1

1

0.758

270.7

0.372

383.9

5

0.667

289.3

0.318

426.2

10

0.627

299.0

0.307

448.6

20

0.618

308.1

0.277

474.4

Algae

Swine Manure

In an earlier study of inert thermal decomposition (pyrolysis) for the same algal consortia,
initial decomposition peaks where observed at 298.6, 308.0, and 315.7°C for the heating rates 5,
10, and 20°C min-1, respectively [21]. Comparing these values with the ones obtained under air
conditions in the current study (Table 5-2) delineates the fact that oxidative conditions expedited
the initial decomposition stage as evidenced by the shift in maximum decomposition rate point,
between 12 and 15°C. This shift is attributed to a mild oxidative effect, which contributes to
decomposition through low-temperature oxidation of labile species. In a study of thermal
decomposition of pinewood waste, the increase in oxygen concentration also resulted in a shift of
the first decomposition peak towards lower temperatures [3]. These observations indicate that
oxidation and thermal devolatilization both occur in parallel at low temperatures. However, in a
thermogravimetric study of dairy manure decomposition under inert and oxidative conditions,
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the first major peak under inert conditions occurred earlier, at 290°C, than under oxidative
conditions, at 300°C [29].
The char oxidation stage began in both feedstocks above 350°C. In algae, char oxidation
proceeded over a wider temperature range and encompassed multiple decomposition peaks, as
illustrated in Figure 5-1. During char oxidation stage, maximum weight loss rate in algae
occurred between at 50 to 70°C higher than that of swine manure. Magnitude of char oxidation
rate (derivative) in both feedstocks, however, did not vary greatly (Table 5-2). The observed
gradual shift in the shape of char oxidation peaks with increases in the heating rate, i.e., spread of
the peak at the base, for both biomass illustrated the mass-transfer limiting nature of the
oxidation process. Since char oxidation is a solid-gas reaction, its progress depends primarily on
the diffusion of the oxidizing agent within the sample matrix. Increasing the heating rate resulted
in less available time for sample oxidation at each temperature point, resulting in a spread of the
decomposition step over a wider temperature range.

4.3. Oxidation kinetics
Kinetics of decomposition over the two stages, pyrolysis, and oxidation, were calculated
at the respective peak decomposition points using Kissinger method (Table 5-3). The goodnessof-fit, R2, and p-values for the linear regression in both stages in each feedstock indicated a good
fit. In the algal and swine manure solids, the activation energy corresponding to the pyrolytic
decomposition, the first peak, was higher than that associated with the char decomposition peak.
This observation could be explained by the differences, outlined earlier, in the nature of pyrolysis
and oxidation reactions; mainly that the pyrolytic decomposition stage could be temperature-
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sensitive than char oxidation. The activation energy associated with pyrolytic decomposition of
algal biomass, 236.8 kJ mol-1, exceeded that for swine manure, 198.9 kJ mol-1. In an earlier
study, the mean activation energy using Kissinger method for the same algal biomass in a
nitrogen atmosphere was 213.4 kJ mol-1 [21], which is below the value observed in this work for
the first stage of decomposition under oxidative conditions.
Table 5-3 Combustion kinetics in algae and swine manure using Kissinger method
Decomposition

Algae

Swine Manure

236.8

198.7

9.28E+19

1.60E+16

R2

0.9993

0.9993

Ea, kJ mol-1

184.17

124.21

A, s-1

5.1E+5

3.0E+2

R2

0.998

0.998

kinetics
Stage I (Devolatilization)
Ea, kJ mol-1
A, s

-1

Stage II (Char Oxidation)

The activation energies using isoconversional methods, i.e., Flynn-Wall-Ozawa (FWO)
and Kissinger-Akahira-Sunose (KAS) are shown in Figure 5-2, and also in Table 5-4. Activation
energy, and corresponding standard errors, obtained by fitting the experimental data to equations
(5) and (6) at Δα= 0.01 intervals are presented in Figure 5-2. The standard errors, corresponding
to each fitted Ea value, were consistently below 10% of the activation energy value, and the R2
values were over 0.98, indicating a good fit. In manure and algal solids, differences in activation
energy (Ea) values between isoconversional methods, i.e., FWO and KAS, for the same
feedstock were below 2% throughout the entire conversion.
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Figure 5-2 Activation energy (Ea) of [A] algae and [B] swine manure solids as a function of
the conversion (α) using isoconversional methods: Kissinger-Akahira-Sunose (KAS) and
Flynn-Wall-Ozawa (FWO)

Ea increases with conversion (α) up to α = 0.4, where the activation energies for algal and
swine manure solids were 186.1 and 183.1 kJ mol-1, respectively. As the conversion progressed
further, however, each feedstock showed a distinctly different relationship of Ea as a function of
α. In swine manure solids, the activation energy gradually decreased between α= 0.4 and 0.6. As
the conversion continued, α > 0.7, however, the activation energy dropped more precipitously to
reach 126.1 kJ mol-1 at α= 0.9. Algal solids, on the other hand, showed two increases in the
activation energy values, at α > 0.7. It is apparent that algal solids oxidation involves multiple
steps that take place over a wider temperature range, when compared to combustion of swine
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manure solids. Despite these differences, averaged values of the activation energy over the entire
conversion range, i.e., 0.1≤ α ≤ 0.9, were similar. The average activation energy for algae and
swine manure solids using FWO method, were 172.6 ±12.4 kJ mol-1 and 165.1±18.8 kJ mol-1,
respectively. Similarly, the average activation energy for algae and swine manure solids using
KAS method were 171.3±13.0 kJ mol-1, and 163.1±20.6 kJ mol-1, respectively. A recent study of
oxidation kinetics for algae species Nannochloropsis oculta and Chlorella vulgaris reported
average activation energy values using FWO to be 151.8 and 213.4 kJ mol-1, respectively [2]. In
a study investigating combustion characteristics of swine manure solids-coal blends, the average
activation energy for the combustion of swine manure solids, using FWO method, was 119.6 kJ
mol-1 [16].
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Table 5-4 Combustion kinetics in algae and swine manure using Flynn-Wall-Ozawa
(FWO), and Kissinger-Akahira-Sunose (KAS) methods
(α)

Algae

Swine manure

Flynn-Wall-Ozawa (FWO)

Kissinger-Akahira-Sunose (KAS)

Ea (kJ mol-1)

Ln z (s-1)

R2

Ea (kJ mol-1)

Ln z (s-1)

0.1

144.0

33.5

0.982

143.1

19.0

0.980

0.2

170.0

37.6

0.996

169.9

23.0

0.996

0.3

183.1

39.2

0.997

183.4

24.6

0.997

0.4

186.1

38.6

0.997

186.2

23.9

0.997

0.5

177.7

35.4

0.997

177.2

20.6

0.997

0.6

159.9

29.7

0.996

157.9

14.9

0.996

0.7

161.1

27.2

0.997

158.2

12.1

0.997

0.8

175.9

27.2

0.997

172.7

12.0

0.997

0.9

195.6

29.4

0.998

193.0

14.1

0.998

0.1

161.2

36.9

0.982

161.0

22.5

0.980

0.2

171.9

37.6

0.997

171.9

23.0

0.997

0.3

178.5

38.0

0.999

178.5

23.4

0.999

0.4

183.1

38.1

0.999

183.1

23.4

0.999

0.5

181.8

36.8

0.998

181.5

22.1

0.998

0.6

174.1

33.9

0.997

173.2

19.1

0.997

0.7

152.5

27.8

0.992

149.9

12.9

0.991

0.8

132.2

22.1

0.993

127.8

7.0

0.992

0.9

131.1

20.8

0.991

126.1

5.7

0.989

R2

4.4. Combustion of Algae-swine manure blends
Weight-loss and weight-loss derivatives, at 10°C min-1, for the oxidation of algae and swine
manure solids, and their blends are shown in Figure 5-3. The three algae to manure blending
ratios: 1:3, 1:1, and 3:1, all exhibited intermediate profiles between those of pure algae or of
swine manure. The DTG curves illustrate the transition in the decomposition rate with the
change in the blending ratio. Increasing the share of swine manure in the blends reduced the
temperature range associated with the weight loss, and increased the devolatilization stage
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weight loss, height of first DTG peak. Similarly, temperature corresponding to the
devolatilization peak (stage 1) increased with the increase in the ratio of swine manure solids in
the blends (Table 5-5).

Figure 5-3 The influence of the mixing ratios of algae (A) and swine manure (SM) on the
weight loss (TG) (ash-free basis) and temperature derivative of weight loss (DTG) of
mixtures at heating rate (β)=10°C min-1
The transitions of the TG and DTG curves, as well as the decomposition rate maxima values,
suggested a summative effect of blending. To quantify these observations, the normalized root124

mean-square deviation (NRMSD) was calculated in each blend between the experimental data
and the corresponding weighted average calculated using data from pure algae and swine manure
oxidation. The NRMSD (%) was calculated for both the TG and DTG data of the 3 blends using
the following equation:
•Ž••‘ #%( = 100 ∗

† |
f
‚| ∑“…†#’“ 2’”
“(

’k?d 2’k„“

(7)

Where p represents the number of weight-loss observations in each test (4,166 points at this

heating rate), Y represents TG (or DTG) data at each observation, and •– represents the weighted
mean value corresponding to each Y. Ymax and Ymin represent the maximum and minimum TG (or
DTG) values, respectively. The NRMSD (%) values for the TG data in the three blends, i.e.,
algae: swine manure = 3:1, 1: 1, and 1: 3 were 1.5, 0.6, and 1.2%, respectively. For the DTG
data, the NRMSD (%) values were 1.7, 2.4, and 7.3%, respectively.
Table 5-5 Combustion characteristics for algae and swine manure blends at 10°C min-1
Devolatilization stage
Feedstock

Algae (A)
A: SM= 3:1
A: SM =1:1
A: SM =1:3
Swine Manure (SM)

Char Oxidation stage

-(dW/dT)p

Tp

-(dW/dT)p

Tp

(% °C-1)

(°C)

(% °C-1)

(°C)

0.451
0.499
0.535
0.570
0.627

296.0
296.3
297.6
299.6
299.0

0.334
0.246
0.203
0.240
0.277

509.7
507.7
498.2
459.6
448.6

The low values of deviation between weighted mean and experimental data suggested a
mainly additive (non-synergetic) effect in firing algae and swine manure solid mixtures. Nonsynergetic behavior was reported in the pyrolysis of algae-coal blends [10] as well as in the cofiring (combustion) of torrefied biomass-coal blends [6] and coal-sewage sludge blends [15]. In
the current study, both biomass were shown to have comparable activation energy values and an
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additive decomposition behavior in a combustion context. Given that both feedstocks, i.e., swine
manure solids, and algal biomass grown on swine manure wastewater, originate in the livestock
production facility, understanding their individual, as well combined, thermal decomposition
behavior is crucial to properly design thermochemical utilization of these materials. Similarly,
given the variability in yields and collection intervals between algae and swine manure, the
likelihood of highly variable reserves of each biomass type is quite high. Accordingly,
understanding and predicting the decomposition behavior of their blends adds flexibility to the
operation of any thermal conversion unit. Further research on this subject may examine the
behavior of the ash fraction, i.e., agglomeration and fusion tendencies, in each biomass, as well
as for their blends.
5. Conclusions
•

Swine manure solids showed a higher carbon concentration and larger Higher Heating
Value than algal biomass solids

•

Weight loss in swine manure solids took place over a narrower temperature range
compared to that of algal biomass

•

In both feedstocks, combustion weight loss proceeded in two stages: devolatilization and
char oxidation.

•

Activation energy, using Kissinger method was higher during first weight loss stage in
both feedstocks.

•

Average activation energy for algae and swine manure solids, using isoconversional
methods, was comparable.

•

Co-combustion of swine manure and algal solids was found to be additive, with behavior
similar to weighted mean computed from individual feedstocks.
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1. Abstract
Microalgae have been utilized in wastewater treatment strategies in various contexts.
Uncontrolled algal species are a cheap and effective remediation strategy. This study investigates
the thermochemical potential of wastewater treatment algae (phycoremediation) as means to
produce renewable fuel streams and bio-products. Three gasification temperature levels: 760,
860 and 960°C were investigated in an auger gasification platform. Temperature increases
resulted in corresponding increases in CO, and H2 concentrations in the producer gas from 12.8%
and 4.7% at 760°C to 16.9% and 11.4% at 960°C, respectively. Condensables yields ranged
between 15.0% and 16.6% whereas char yields fell between 46% and 51%. The high ash content
(40% dry basis) is the main reason behind the elevated char yields. On the other hand, the
relatively high yields of condensables, and a high C concentration in the char are attributed to the
low conversion efficiency in this gasification platform. Combustion kinetics of raw algae, in a
thermogravimetric analyzer (TGA), showed three consecutive stages of weight loss, i.e., drying,
devolatilization and char oxidation. Increasing the algae gasification temperature led to increases
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in the temperature of peak char oxidation. Future studies will further investigate improvements
to the performance of the auger gasification.
2. Introduction
Microalgae are attracting wide interest as a renewable feedstock given their short life
cycle, high photosynthetic efficiency, in addition to the full range of products and services they
furnish. Historically, macro and microalgae have been utilized in the production of nutritional
supplements, feed, cosmetics, and pharmaceuticals [3, 6]. Increased awareness of the
consequences of fossil fuels overuse, and the resulting emissions, prompted the interest in algae
as a renewable energy resource. Algae cultivation, as means for both carbon sequestration and
fuel production, is among the exciting technologies in this regard [34, 35, 4]. Another service
provided by algae, which is receiving renewed attention, is wastewater treatment, typically
referred to as “phycoremediation”. Discharges of enriched effluents to rivers and lakes from
sewage treatment plants and livestock farms were shown to result in eutrophication and hypoxic
conditions [18, 36]. Since phosphorous (P) and nitrogen (N) are typically the limiting factors to
algal blooms in balanced aquatic environment, introducing untreated (nutrient-rich) effluents
instigates their growth. Various studies successfully demonstrated microalgae potential as a
treatment option for livestock production effluents [40, 16], and municipal wastewater treatment
plants [1]. The N and P uptake by periphytic algal communities grown in an algal turf scrubber
system (ATS) were evaluated as a treatment option for a nutrients-rich creek in Northwest
Arkansas [31]. A mixed algal culture (green, blue-green, diatoms and flagellates) has been
evaluated as scrubbers of absorbable xenobiotic (AOX) as reported by Dilek et al. 1999 [9].
They also used this mixture to control color in industrial pulp and paper plant effluents.
Immobilized microalgae and bacteria in polymer matrices (natural and synthesized polymers)
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also received attention as another approach that facilitates the assimilation of nutrients and
metals while protecting the selected algal strains from invasive ones [13, 5].
The quality of wastewater-grown algal biomass was investigated to evaluate its potential
use as a source of high-value chemicals, fuel, and feed. Despite their high protein content, in
excess of 40% on dry mass basis, the high levels of heavy metals in wastewater algae can exceed
the maximum dietary levels tolerated in livestock thus reducing the value of wastewater algae as
a feed source [40]. Similarly, the increased nitrogen concentration in growth substrate was found
to reduce the lipid accumulation in algae cellular structures [21]. Consequently, the low content
of fatty acids in wastewater treatment algae makes them a poor candidate for lipids extraction.
Another algal biomass utilization route is biological digestion. Under mesophilic conditions
(35°C), algae were found to exhibit slow, incomplete degradation and low gas production rates
compared to sewage sludge [11]. Relative improvement in algae digestibility, reported under
thermophilic conditions, 50 to 55°C, was attributed the partial destruction of cell walls, which
improved accessibility to bacteria. Later investigations showed that 40% of the organic fraction
in algae was not biodegradable [15]. Yen and Brune (2007) proposed blending waste paper with
algal sludge to adjust the C: N ratio to become 20 ~ 25, and also to minimize ammonia (NH3)
release during decomposition [45]. Significant increase in methane productivity was observed
after blending, compared to unblended algal biomass; 1170 ml L-1d-1 compared to 573 ml L-1d-1.
Algal cell walls resistance to bacterial degradation, combined with the low C: N ratio in algae,
between 6 to 9, are often cited as causes behind low algae digestibility.
Thermochemical processes, whether under aqueous or dry conditions, offer the flexibility to
produce gaseous, liquid, and solid value-products from algal biomass without the need for
metabolic degradation. Combustion, gasification, pyrolysis, and hydrothermal liquefaction
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processes have been rigorously investigated on a wide variety of feedstock ranging from wood
and crop residues [32, 37, 30] to industrial and municipal wastes [20, 42] and livestock manures
[12, 27, 46]. Bio-crude produced from the hydrothermal liquefaction of Spirulina algae has been
characterized and compared with swine manure and digested sludge bio-crudes [38]. Few
investigations, however, were carried out to examine atmospheric pyrolysis, gasification, and
combustion of microalgae feedstock. This can be attributed to the high drying overhead, which
diminishes the benefit of thermochemical conversion. Another problem associated with
microalgae combustion is the high ash and mineral contents which results in slagging and
fouling. Co-firing microalgae with coal or natural gas has been considered as an
environmentally sound investment, with the exhaust CO2 being utilized to grow the algal
biomass culture [10, 22]. Ross et al. (2008) studied the thermochemical behavior of a group of
marine macroalgae species; Fucus vesiculosus, Chorda ﬁlum, Laminaria digitata, Fucus
serratus, Laminaria hyperborea, and Macrocystis pyrifera [28]. Ash contents for these species
varied between 9% and 18%, which would complicate combustion and gasification. Demirbas
(2009) reported the optimal temperature range for pyrolysis oil production in two mosses
(Polytrichum commune and Thuidium tamarascinum) and two algae (Cladophora fracta and
Chlorella protothecoid) to be 350 ~ 450°C [7]. This is mainly because higher temperatures favor
further cracking and, consequently, more gaseous products. In another study, steam gasification
of char recovered from fast pyrolysis of cyanobacterial blooms was investigated [44]. They
reported the particle size to have no effect on gas composition, while the residence time was
significant in the gasification process yields. They reported a maximum gas yield (1.84 Nm3 kg1

), and carbon conversion (98.8%) at 850°C, 15 minute residence, and 0.45- 0.90 mm particle

size.
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There appears to be a need for further investigation of the quality of char produced from
aquatic biomass gasification predominantly in an auger reactor. The objectives of this
investigation are the investigation of wastewater microalgae as a feedstock for the gasification
process, and studying the quality of the char products under various temperatures.
3. Materials and Methods
3.1. Biomass Collection and Characterization
In this study, Algal biomass was harvested from a pilot-scale shallow raceway at Noland
wastewater treatment plant (Fayetteville, AR). The algal species grown in that system and
investigated in this study are essentially mixtures of indigenous uncontrolled aquatic species
(algae and diatoms). Harvesting was accomplished manually by scraping the raceway carpeted
bedding then straining the harvested biomass on a large screen to remove free water. Aquatic
biomass was collected in plastic airtight containers and stored at 0°C prior to preparation and
analyses. The algal biomass used here was compiled from harvests during June, July and August
2011. The biomass was oven-dried at 80°C, as opposed to 105°C, until weight loss was minimal
to avoid significant losses of volatile matter. Dried biomass was then pulverized using a 1.5 hp
(1.1 kW) grinder (Model No.3, Wiley Mill, Swedesboro, NJ). Proximate analyses were
performed according to standard procedures, i.e., moisture content (ASTM E871-82 (2006)),
volatile matter (ASTM E82-82 (2006), and ash content (ASM D2974-8 (2007)). Fixed carbon,
on the other hand, was determined by subtraction. The elemental analysis was performed in a
specialized diagnostic laboratory (Huffman laboratories Inc., Golden, Colorado). Higher heating
value (HHV) of algae samples was determined using oxygen bomb calorimetry (model 1241,
Parr Instruments) (ASTM D5865-12 (2012)). Chemical oxygen demand (COD) of the dried raw
algal biomass, and the gasification chars was determined by first diluting each solid sample with
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deionized water (100 g water: 1 g solids). The suspensions were then thoroughly homogenized
and left to settle for 30 minutes. The suspension was then filtered, and a 2-mL aliquot of the
filtrate was added to COD digestion vial (0-15,000 ppm range). A digital reactor Block
(DRB200, HACH Company, Loveland, CO) was used to digest each sample at 150°C for 2
hours. After cooling the samples to below 120°C, the COD was determined using a portable
spectrophotometer (DR 2700, HACH Company, Loveland, CO).

3.2. Auger Gasification System
Atmospheric, air gasification tests were conducted in an auger gasification/pyrolysis
system. This system was designed, and constructed in the bioenergy laboratory at the Rice
Research and Extension Center (Stuttgart, AR), Figure 6-1 shows schematic diagram of the
gasification system used. Preliminary results of this investigation were reported by the authors
[33]. The reactor is essentially an externally heated cylindrical reactor that uses motorized augers
to move the feedstock, and also uses a three-zone electrical heater (Model HTF55347C,
Lindberg/Blue M. Ashville, NC) to heat the reactor. The feeding rate was controlled by adjusting
the rotational speed of the injection (metering) auger, as shown in Figure 6-1. Multiple
calibrations were performed using the ground algal biomass prior to actual gasification tests to
accurately adjust biomass feed rate, and also to determine the biomass fullness ratio (α), which
represents the percentage of the auger cross-section area occupied by the biomass. Table 6-1 lists
a summary of the parameters of the three gasification tests reported in this study.
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Table 6-1 Parameters of algae gasification tests
Test

1

2

3

Furnace Temperature (°C)

760

860

960

Auger speed (RPM)

6.02

6.20

6.32

Biomass feed rate (g min-1)

34.7

36.1

40.9

Air flow rate (LPM)

20.0

20.0

18.1

All tests were initiated after furnace temperature, as well as the temperatures inside the reactor,
became constant. Each test lasted 15 minutes during which gas was sampled for 10 minutes after
5 minutes of initiating the feeding. Tar and char produced after each test were collected,
weighed, and stored for further analyses. After exiting the tar collection unit, the producer gas
was cooled and cleaned using a tar trap lined with glass wool. Flow rate of cleaned producer gas
was then measured using a 5 VDC volumetric air flowmeter (OMEGA- FLR1000 series).
Producer gas composition was determined using a 5-gas analyzer (O2, CO, CO2, H2 and CH4)
(Model 7905AQ, NOVA Analytical Systems). In this study, however, the methane concentration
was not reported due to interference from other produced hydrocarbons that significantly
influenced methane readings.
3.3. Thermogravimetric Analysis
The oxidation behavior of the raw algal biomass, as well as the algae gasification chars,
was investigated using thermogravimetry. The dry samples were first milled and sieved to
generate a sub-sample with a particle size less than 0.2 mm. A thermogravimtric analyzer (Model
TGA 4000, PerkinElmer, Inc. Waltham, MA, USA) was used to determine the temperatureweight loss relationships for the different samples under oxidizing conditions. Simulated air was
used as the purge gas (50 mL min), at a heating rate of 5°C min-1. The sample weight was
maintained at 5 mg (+/- 0.1 mg) in all the TGA tests. Both the particle size and the sample size
were kept sufficiently small to ensure that the decomposition is kinetically controlled, and not
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diffusion-controlled. Each sample was placed in a clean, inert alumina crucible (Al2O3). A blank
test was conducted, with an empty crucible, under the regular test conditions to quantify the
buoyancy of the crucible. The experimental data was then corrected by subtracting the blank test
results.

[1 a, b]:Controllable DC motors
[2 a, b, c]:Type-K Thermocouples
[3]: Nitrogen purge
[4]: Injection/metering auger
[5]:Auxiliary steam feed

[6 a, b]:Controllable heaters
[7]:Oxidant feed (air)
[8]:Auger reactor
[9]:Char collector
[10]:Condensers assembly

[11]:Tar collection bottles
[12]:Gas wash bottles
[13] Permanent gases analyzer
[14]:Data logging unit

Figure 6-1 Auger gasification/pyrolysis reactor

4. Results and Discussions
4.1. Temperature Profile
In addition to the thermocouples controlling the furnace temperature, based on the
reactor’s external temperature, five thermocouples were installed to measure the biomass
temperature inside the reactor. In the three gasification tests, a shift in the temperature profile
was observed after biomass feeding was initiated. The first half of the externally heated auger
reactor, i.e., L<0.6 m, underwent gradual drop in temperatures, as shown in Figure 6-2, while
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temperatures in the further section of the reactor showed a gradual increase. Nominal gasification
temperatures, i.e., 760, 860 and 960°C, were maintained in the reactor section directly
surrounded by the heating element. Before biomass feeding, the temperature profile is
determined primarily by the set temperature of the heating element, proximity to the heating
element, and the heat transfer affected by the gasifying agent. After feeding, however, typical
gasification stages take place along the reactor length consecutively: drying, devolatilization
(pyrolysis), oxidation and partial oxidation. Both drying and devolatilization, which are
endothermic reactions, take place at the first part of the reactor, while oxidation and partial
oxidation, both exothermic reactions, take place towards the end of the reactor. This sequence of
stages might explain the observed temperature profile changes. Similar thermal stratification was
observed in fixed-bed gasification reactors, i.e., up draft and downdraft reactors [47]. Fixed-bed
reactors are known for their ease of operation, but they typically result in higher tar yields than
fluidized-bed gasifiers [23, 39].
4.2. Producer Gas and Condensable Yields
Figure 6-3 below lists the average concentration of CO, CO2 and H2 in the
producer gas under the three temperatures levels studied. Concentrations of both CO and H2
increased with temperature increase from 12.8% and 4.7%, respectively, at 760°C, to 16.9% and
11.4% at 960°C, respectively. The CO2 concentration, on the other hand, dropped with
increasing reaction temperatures, from 14% at 760°C to 11.6% at 960°C. At atmospheric
pressure, the volumetric energy density of H2 and CO is 12.8, and 12.5 MJ m3, respectively.
Accordingly, the higher heating value (HHV) of the produced gas, without considering the CH4,
varies from 2.20 MJ m-3 at 760°C to 3.57 MJ m-3 at 960°C. CO, CO2, and H2 concentration
trends are in agreement with char gasification reactions, i.e., Boudouard and the water-gas
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reactions. Both reactions are endothermic and move forward, to yield more CO and H2 and less
H2O and CO2, with the increase in temperatures.
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Figure 6-2 Temperature profiles in auger gasification at [A] 760°C [B] 860°C [C] 960°C

C + CO2 = 2 CO (159.9 kJ.mol-1)

[Boudouard reaction]

C + H2O (g) = CO + H2 (131.3 kJ.mol-1)

[Water-gas reaction]
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Figure 6-3 Concentration of some product gases under different temperature levels
However, concentrations of H2 and CO, the energy-positive gas species, were still
considerably low, i.e., 10% and 16%, respectively, at the highest temperature. This could be
attributed to the low C and H concentrations in the starting material (Table 6-2), as well as the
low heat transfer coefficient in indirectly heated reactors (Brown and Brown, 2012). It is worth
noting that most studies that utilized auger reactors in biomass conversion have been primarily
for pyrolysis tests [14, 26]. In the context of gasification, however, increasing the biomass
temperature and residence time could improve the conversion efficiency in auger reactors, thus
maximize H2 and CO production.
The yield of producer gas varied within a relatively small range, from 0.59 m3 to 0.80 m3 per 1
kg of dry algae. These rates are significantly lower than those reported for traditional biomass
such as pine wood sawdust, i.e., more than 2.0 m3 per 1 kg of dry, ash-free biomass [25]. The
low producer gas yield could be attributed to the high mineral content of algal biomass (> 40%).
Using the dry, ash-free mass (DAF) as the basis, the producer gas yields in algae gasification
tests become 1.02 to 1.38m3 kg-1 DAF. The difference between these dry, ash-free yields and
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those attributed to lignocellulosic biomass, over 2m3 kg-1DAF, can be attributed to auger reactor
performance.
100
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60

Gas*(%)
40

20

0
760

860

960

Temperature (°C)

Figure 6-4 Products distribution under different gasification temperatures

The high yield of condensables, 16.6% at 960°C, further underlines the low gas
conversion efficiency even at such high temperatures (Figure 6-4). In downdraft gasification, the
yield of condensables (tar and water) was shown to typically fall below 1% of the original
biomass [43]. By contrast, countercurrent (updraft) gasifiers were reported to yield condensables
between 12.7% and 37.2% of fed biomass, which vary according to the type of feedstock and the
operational parameters [8]. Earlier studies [29, 30], which utilized the auger gasification platform
used in current study, reported yields of condensables that varied from 18% to 34%. The auger
gasifier, therefore, could be considered an intermediate platform between downdraft (concurrent)
and updraft (countercurrent) gasifiers in terms of the yield of condensables.
4.3. Char Yields and Characteristics
Given the high ash content (minerals) of the algal biomass investigated, the char yields were
around 50% of the algae fed into the system, as shown in Figure 6-4. The decrease in char yields
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with increasing the gasification temperatures, from 50.9% at 760°C to 46.9% at 960°C, is
explained by the increased reaction severity, which increases char reactivity and, thus, the yields
of producer gas and condensables. Despite the high minerals present in the algal biomass, and
the high temperatures used here, no large aggregates were observed during or after the tests.
Mechanical feeding (screw conveyor) might have been advantageous, in this case, in avoiding
stagnant zones where potential hot spots typically occur, facilitating the formation of clinkers.
The high concentration of silica (SiO2) in the algae ash fraction, 71.8% (Table 6-2), could be
attributed to the presence of diatoms, which utilize Si in building cellular walls and structures
(Kroger et al. 2000).
The elemental analysis of the ash in the original biomass could assist in predicting the
thermal behavior of the mineral oxides, and their sintering potential. The following indices
(Mettanant et al. 2009) were devised to determine the sintering potential based on the higher
heating value (HHV) of the feedstock, and the relative amounts of sodium, potassium and silica.
#—) x + •˜) x(
#—) x + •˜) x(
> 1; ˜PM
> 0.34
•™x)
œœ•

For the phycoremediation algae in this study, the values of both indices: 0.035, and
0.238, respectively, are below those associated with increased sintering tendency. This
observation could help in using this feedstock as an added fuel in co-firing of coal or
lignocellulosic biomass without risking an increased sintering potential.
The elemental composition of the chars could be used to further understand the carbon
conversion efficiency. The concentration of carbon progressively dropped from 28.3% in the raw
algae to 17.7, 15.6, and 14.1% in the chars with increasing the conversion temperature. Using the
char yield in each test, the percentages of carbon retained in the biochar and that released in gas
or liquid form could be computed using equations 1 and 2, respectively.
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Table 6-2 Characterization of raw algae and product chars
Temperature (°C)

25

760

860

960

Moisture content (wb*)

13.8

2.2

2.1

2.2

Volatile matter (db**)

42.2

6.8

6.9

5.7

Fixed carbon † (db)

15.9

18.1

12.6

12.6

Ash content (db)

41.9

75.1

80.5

81.8

C

28.26

17.71

15.59

14.07

H

3.63

0.58

0.41

0.70

N

2.83

0.98

0.71

0.48

O†

23.06

8.84

6.78

2.14

S

0.57

0.64

0.66

0.74

Al2O3

3.55

3.33

3.38

3.36

CaO

9.75

10.38

10.93

10.45

Fe2O3

3.00

2.53

2.73

2.57

MgO

1.20

1.22

1.21

1.20

MnO

1.39

1.51

1.49

1.50

P 2O 5

3.77

3.83

3.70

3.66

K 2O

1.96

2.02

2.00

2.00

SiO2

71.8

72.30

70.76

71.54

Na2O

0.55

0.50

0.52

0.49

10.55

5.67

4.71

4.46

10,190

330

320

480

Proximate analysis (%)

Ultimate analysis (%)

Ash analysis (%)

Higher heating value (MJ kg-1)
Chemical Oxygen Demand (COD) (mg/L)
*Wet, mass-basis
**Dry, mass-basis
†

By difference

Ÿ˜ ¡¢P iF˜™PiM ™P ¡™¢£ℎ˜ #%( =

¥¦Š§ ¨rb©5#%(∗¥Š§‹Cª ¥Cª«. rª «¦Š§ #%(
¥Š§‹Cª ¥Cª«. rª C§rUrªŠ© Jbb5Œ7C«¬ #%(

(1)
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Ÿ˜ ¡¢P iOi˜-iM #%( = 100 − Ÿ˜ ¡¢P iF˜™PiM ™P ¡™¢£ℎ˜ #%(

(2)

Using equation 1, the carbon retained in the biochar decreases with the increase in
gasification temperature from 31.9% of the original biomass C at 760°C to 23.4% at 960°C. This
pattern is in agreement with the observed increases in gas yield upon increasing the conversion
temperature. On the other hand, the carbon released (equation 2) was 68.1, 73.8, and 76.6% of
the original carbon at gasification temperatures: 760, 860, and 960°C, respectively. In
gasification literature, the carbon conversion efficiency, which relates the amount of carbon
released in the producer gas to that in the original biomass, typically falls between 70% and 90%
[41]. In the current study, if the condensables were re-injected into the gasification chamber and
utilized to produce more energy-positive gases, the released carbon (%) could be considered a
proxy for the carbon conversion efficiency. Despite the application of relatively high gasification
temperatures, i.e., 860 ~ 960°C, carbon conversion in this study is still noticeably lower than the
typical values reported in biomass gasification literature. Since the reaction severity is a function
of both reaction temperature and time, it is clear the residence time was insufficient to facilitate
complete conversion. The high yield of condensables and high C concentration in the char
indicate that both the residence times for the solids and the devolatilized species were not
sufficient. Either increasing the length of the heated reactor, or reducing the rotational speed of
the auger would increase the solids residence time, and thus, the reaction severity. On the other
hand, the volatile fraction (gas, and condensables) needs longer residence time at high
temperatures to facilitate tar cracking and the water-gas reaction. Increasing the volatiles
residence time could be accomplished as an added step, i.e., using a heated coiled pipe that
approximates the freeboard section in fluidized-bed gasifiers. Accordingly, the design of this
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added section (diameter, length, and temperature) could be informed by reported values of gas
velocity and reactor height in fluidized-bed gasification studies.
4.4. TGA Characterization of Raw Algae and Biochar
Figure 6-5 [A] shows the combustion weight-loss against temperature for the raw algae, as well
as the gasification chars produced under different temperatures. The weight-loss derivative
curves (DTG), Figure 6-5 [B], further elucidate the different combustion stages. In the raw algae,
the weight loss proceeded in three consecutive stages: drying, devolatilization, and char
oxidation. The first stage, i.e., drying, took place below 100°C as the first weight-loss peak
indicates (Figure 6-5 [B]). The volatile matter loss, the second stage, took place between 150 and
400°C. The third stage, char oxidation, preceded between 400 and 600°C. These observations
indicate that under extremely high heat transfer conditions, full conversion is achievable at, or
below, a particle temperature of 600°C.
For the gasification chars, no drying peaks were detectable. Similarly, no weight loss
took place below 300°C. This is attributed to the gasification weight loss, which involves the loss
of moisture, as well as, the devolatilization of the bulk of the volatile matter. Two weight loss
peaks were detected during the combustion of the algae chars. The temperatures corresponding
to decomposition peaks in each stage, as compared to those for raw algae, are listed in Table 6-3.
In the algae chars, the temperature corresponding to the first oxidation peak increased from
433.5°C to 472.8°C with the increase in gasification temperature from 760 to 960°C,
respectively. Earlier study on the combustion of biomass pyrolysis chars reported peak
decomposition to occur at 378°C for olive kernels, 412°C for cotton residue, and 509°C for wood
(Kastanaki and Vamvuka 2006). It is worth noting that, in the current study, the third
decomposition stage for the raw algae, i.e., char oxidation, took place at a higher temperature,
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515.7°C than those for the gasification chars. This observation could be attributed to the fact that
under gasification, or any thermal treatment, the original biomass matrix is transformed into a
new one (biochar) that has its one thermal and oxidative properties.
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Figure 6-5 Oxidation profile of raw algae and gasification chars at 5°C min-1: [A] weight
loss profiles [B] derivative of weight loss
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Table 6-3 Characteristics of oxidation thermogram for raw and charred algal biomass at a
heating rate of 5°C min-1
Temperature(°C)
Tp1 (°C)
(dW/dt)p1 (mg s-1)
Tp2 (°C)
(dW/dt)p2 (mg s-1)

25

760

860

960

279.8

433.5

462.1

472.8

-1.65E-03

-7.50E-04

-6.72E-04

-6.52E-04

515.7

629.5

617.8

611.6

-1.08E-03

-2.83E-04

-2.46E-04

-2.22E-04

4.5. Implications of Results
With the proliferation of phycoremediation applications in industrial, agricultural and
municipal contexts, the yields of algal biomass harvests are expected to increase. Given their
composition and unique biological structures, algal biomasses are not readily accessible to
composting and anaerobic digestion. Similarly, thermochemical conversion of algal biomass
faces various complications, mainly the high moisture and ash contents, and the low energy
density. In addition to retrieving a fraction of the algae energy, however, thermochemical
conversion processes could be thought of as a densification step for the algae minerals in a
carbon-rich form (biochar). These biochars could be blended with lignocellulosic chars and land
applied, which would enhance the P content of the blend. Alternatively, these chars could be
activated to produce a filtration medium. This alternative will work, in tandem, with the
phycoremediation scrubbers to minimize further the leaching and run-off of problematic
minerals and metals.
5. Conclusions
•

The development of temperature profiles during auger gasification indicated formation of
different reaction zones, similar to those observed in fixed-bed systems.
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•

Increasing the gasification temperature decreased the CO2 yield, but increased the yield of
CO, H2, and, consequently the gas heating value.

•

Char yields decreased from 50% to 46% with increasing the gasification temperature from
760°C to 960°C, respectively.

•

The high ash concentrations in the raw algae biomass resulted in low gas yields, and high
char yields.

•

High condensables yields and high carbon concentrations in the char indicate low conversion
efficiencies, even at the highest temperature tested.

•

The chars retained 27.8%, 21.2%, and 19.8% of the energy contained in unit mass of raw
algae with gasification temperatures 760°C, 860°C, and 960°C, respectively.

•

Concentrations of C, P, and K oxides in the algae chars were between 140~177 g kg-1,
2.8~3.0 g kg-1, and 1.5~1.6 mg kg-1, respectively.

•

TGA combustion analysis showed an influence of the gasification temperatures on the char
oxidation kinetics.
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Chapter 7 Life Cycle Assessment of Swine Manure Management through Thermochemical
Conversion
1. Abstract
Proper swine manure management is crucial to reducing the impacts of swine production
on the surrounding ecosystems. Existing swine manure management practices are responsible for
a large share of greenhouse gas (GHG) emissions, and eutrophying conditions in aquatic
systems. The aim of this study was to utilize life cycle assessment (LCA) to investigate the
gasification of swine manure solids as a manure management strategy. This study details a
proposed scenario that encompasses manure drying and gasification within the different stages in
swine manure management, starting with the swine houses and ending with land application. A
complete analysis of the various stages was performed to identify the changes and burdens
associated with each. The assessment showed that liquid storage of manure is credited with the
highest GHG emissions burden. Solid-liquid separation decreased GHG emissions in the manure
liquid fraction. Liquid fraction management stages are credited with the highest fossil fuel
energy use. Land application of manure slurry mixed with biochar residue is the only stage that
mitigated GHG emissions, because of the avoided use of synthetic fertilizers. Similarly, land
application was credited with the largest savings in fossil fuel energy use due to the avoided
energy associated with synthetic fertilizers production. Increasing thermochemical conversion
efficiency was shown to greatly affect the scenario’s overall energy use. Improvements in drying
technology can favor this scenario as a manure management strategy.
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2. Introduction
The agriculture sector is credited with a major contribution to global climate change and
ecosystems degradation [1]. Local, regional, and global agreements are increasingly mandating
regulations to restrict these emissions in order to minimize the short- and long-term
environmental degradation. Livestock production, in particular, has been recognized as a major
source of greenhouse gas (GHG) emissions, eutrophication drivers: nitrogen (N), and
phosphorous (P), and fossil fuel use [2, 3]. The vulnerability of livestock production, and the
agriculture sector as a whole, to climate change further incentivizes the search and the adoption
of sustainable agriculture practices [4].
Manure management is the major source of nitrous oxide (N2O), methane (CH4), and
carbon dioxide (CO2) emissions in livestock production [5]. Liquid manure management
systems, relevant to swine production, further increase the adverse effects of manure. Liquid
storage promotes anaerobic conditions, which transform organic matter to methane (CH4) and
ammonia (NH3). Furthermore, uncontrolled anaerobic and aerobic conditions initiate
nitrification-denitrification process, which converts a part of manure nitrogen (N) to N2O. Solidliquid separation of swine manure was recognized as an emission mitigation strategy. However,
increased N2O and CH4 emissions were reported during storage of manure separated solids [6].
Transforming the separated solids into a gas fuel (syngas) and a stable nutrient-rich co-product
(biochar), via gasification, can potentially reduce the emissions associated with manure separated
solids.
Evaluation of the emissions and impacts associated with this conversion strategy, i.e.,
gasification of swine manure solids, expands the set of technologies available to livestock
producers for manure management. Life cycle assessment (LCA) is an important tool to assist in
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decision making through evaluating the environmental performance of proposed strategies.
According to ISO standard 14040 (2007), LCA assessment takes into account the various inputs
and output flows, and the corresponding environmental burdens, resulting from production or
disposal decisions.
The goal of this study is to evaluate a manure management scenario that utilizes
gasification of swine manure solids as a disposal/energy retrieval strategy using LCA tool.
3. Materials and Methods
3.1. LCA goal and scope
The goal of this LCA is to determine the impacts associated with swine manure
management, using gasification as a manure solids treatment option. Figure 7-1 shows a
schematic diagram of the proposed swine manure management (SMM) scenario. The scope of
this life cycle assessment covers manure management stages for 1,000 kg of flushed swine
manures at 5% dry matter content, without accounting for animal maintenance (feed, drinking
water, climate control), until the land application of both the liquid fraction (slurry) and the
gasification co-product (biochar). The functional unit (FU) is the disposal of 1 metric ton (1,000
kg) of swine manure slurry, at 5% DM, via gasification and land application.
The excreted manure (urine, and feces) are flushed from the shallow pits under the house,
using manure slurry from storage. The flushed manure is stored in a holding tank, and stirred,
before being pumped into the separation stage. Manure separation is accomplished using a screw
press separator. This class of size-separators utilizes a tapered screw and a fine-mesh screen
(0.75-3 mm) to fractionate the manure into solids-rich and liquids-rich fractions. The solid
fraction is transported to a thermochemical conversion facility that contains: a dryer, a gasifier,
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and a gas boiler. The manure gasification is accomplished in an atmospheric, fluidized-bed
gasifier to produce syngas, which is fired (burnt) in a gas boiler for heat, in addition to biochar.
Part of the generated steam, in the gas boiler, is recycled to provide the heat necessary for drying.
On the other hand, biochar is transported to the field for land application.
1,000 kg of fresh swine manure @ DM = 5%

Swine house
995.0 kg

Pre-separation tank
990.0 kg

Heated
steam

49.5 kg

Pumping/stirring

Separated
solids
Transport

990.0 kg

Separation

49.5 kg

Drying

14.6 kg

Gasification/Boiler

940.5 kg
4.4 kg

Post-separation tank
939.5 kg

Slurry
transport

939.5 kg

Mixing
and
spreading

4.4 kg

Char
transport

943.9 kg

Post-application

Emissions
Figure 7-1 The scope of proposed swine manure management scenario (black arrows
represent main product flow, red arrows represent emissions)
On the other hand, the liquid-fraction (slurry) is stored then transported to an agricultural
field for land application. In this model, the emissions associated with the land application of
char and slurry will be presented in detail separately first, then combined to present the total
impacts of char-slurry land application. The total impacts represent the summation of the impacts
for each substrate without any synergistic effects. Inventory of mass, energy and emission flows
in each stage is presented in the following sections.
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3.2. Inventory
3.2.1. Swine House
According to manure characteristics standard (ASABE D384.2, 2005), the amount of total
solids in as-excreted swine manure is around 13% by weight. However, in farms where swine
manure is handled in a slurry form, the manure is diluted using flushing water, which is
recirculated manure slurry, to ensure proper manure removal. The concentration of manure
solids, therefore, drops from 13% in as-excreted manure to around 5%. In this study,
composition of swine manure solids was taken from first-hand analyses of manure solids
sampled from flushed slurry in a feeder-finisher farm in Washington County, Arkansas.
The diluted manure is flushed, every 2 weeks by gravity drainage using a pull-plug
system (i.e., no energy or mechanical power is needed for drainage). During the 2-week storage,
various biogenic emissions, namely, CO2, CH4, NH3, and N2O are released due to aerobic and
anaerobic activities in the manure substrate.
Table 7-1 Characteristics of swine manure solids
Characteristics
Dry Matter (DM), %
Volatile matter (% DM)
Ash (% DM)
C (% DM)
Total-N (% DM)
O (%DM)
H (%DM)
S (%DM)
P (%Ash)
K (%Ash)
Na (%Ash)
Ca (%Ash)
Mg (%Ash)
Cu (%Ash)
Zn(%Ash)

Swine Manure
5.0
81.6
18.4
50.8
4.3
21.0
6.9
1.3
20.9
21.1
10.3
20.5
12.1
0.01
0.04
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Ammonia emissions (NH3) in swine house
Kai et al. (2008) reported emissions of 0.43 kg NH3-N per pig for untreated manure slurry,
and 0.14 kg NH3-N per pig for acidified slurry [7]. In the same study, the excreted N per pig was
reported to be 3.15 kg N per pig. Accordingly, the amount of ammonia emissions per unit mass
of N can be computed as follows:
NH3 emissions % of total N= 100*(0.43 kg NH3-N pig-1/3.15 kg N pig-1 = 13.7 %
In another study which evaluated Greehouse gas (GHG) emissions in Danish agriculture,
NH3 emissions factor (EF) for pig houses (fully-slated floors) was estimated to be 16% [8]. The
conservative EF value, 16%, will be used in this study.
NH3 emissions = Total manure * DM (%) * N (%) * NH3-EF (%)
= 1,000 * (5/100) * (4.3/100) *(16/100) = 0.344 kg NH3-N
NH3 emissions = 0.344 kg NH3-N * (17/14) = 0.418 kg NH3
Nitrous oxide emissions (N2O) in swine house
Using the N2O emissions factor reported in IPCC (2006) for liquid slurry systems with a
natural crust cover (EFN2O = 0.005 kgN2O-N kgN-1, Table 10.21 [9]), the total N2O emitted can
be calculated
N2O emissions = 1,000*(5/100) * (4.3/100) *0.005 * (44/28) = 0.017 kg N2O

158

Methane emissions (CH4) in swine house
The IPPC guidelines (2006) were used to calculate CH4 emissions using the volatile
solids (VS) fraction in the manure according to the following formula:
CH4 (kg) = VS (kg) * Bo* 0.67 * MCF
Where,
Bo is the maximum CH4 producing capacity for manure, m3CH4 kg-1VS, MCF is the
methane conversion factor, while 0.67 is the methane density at standard pressure and
temperature (kg m-3). Bo here corresponds to market swine (Bo=0.48 m3CH4 kg-1VS). MCF is
selected based on the average annual temperature, and the manure management system. In this
study, the average annual temperature in Arkansas was taken from national climatic data center
for the National Oceanic and Atmospheric Administration (NOAA) to be 16°C.
Correspondingly, the MCF value for the slurry/liquid manure system, with natural crust cover,
was 18%.
CH4 emissions (kg) = VS (kg) * Bo* 0.67 * MCF
=1,000 * (5/100) * (81.6/100) * 0.48 * 0.67 * (18/100) = 2.36 kg CH4
Carbon dioxide (CO2) emissions
Carbon dioxide emissions were calculated indirectly as the difference between total C
loss, and the CH4 emissions. Since the dry matter loss during temporary storage under house
was reported to be 10% [10], and since carbon represents 50% of the dry matter weight, the
same loss percentage is taken to represent carbon loss during storage. Accordingly, the total
C-loss can be calculated as follows:
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C-loss (kg) = 1,000 * (5/100) * (50.8/100) * (10/100) = 2.54 kg C
C-loss as CH4 = 2.36 kg CH4 * (12/16) = 1.77 kg C as CH4
C-loss as CO2 can be calculated as follows:
C-loss as CO2 = 2.54 – 1.77 =0.77 kg C as CO2
CO2 emissions = 0.77 * (44/12) = 2.82 kg CO2

3.2.2. External storage (pre-separation) tank

The emissions associated with the storage tank (covered with natural crust cover) will be
roughly equivalent to those calculated for in-house emissions, except for NH3 emissions.
According to Poulsen et al. (2001), the amount of NH3 devolatilized during open storage is
estimated to be 2% of the total N in fresh manure [11]. Accordingly, the ammonia emissions can
be calculated as follows:

NH3 emissions = Total manure * DM (%) * N (%) * NH3-EF (%) *(17/14)
=1,000*(5/100)*(4.3/100) * (2/100) * (17/14) = 0.418 kg NH3
3.2.3. Pumping and mixing
In this step, swine manure slurry is stirred then pumped to the mechanical separation stage.
Therefore, the separation unit capacity has to be first selected in order to properly size the slurry pump. A
SEPCOM© model with 15 m3 h-1 capacity (power requirement is 5.5 kW, supplied by a 3-phase electrical
engine) [12]. In this study, the separator will operate on 75% of its full capacity to minimize stoppages or
interruption (capacity = 15 * 0.75 = 11.25 m3 h-1). The manure slurry density was assumed to equal that
for water given that the solids concentration is less than 5%. The pumping head is assumed to be 10
meters. Accordingly, the following formula can be used to compute the pumping power requirements:
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Ppump (kW) = 11.25* 1,000 *9.81*10 / (3,600*1,000) = 0.307 kW
Assuming 60% pump efficiency, the shaft power requirement is:
Pshaft (kW) = 0.307/ (60/100) = 0.511 kW
For 1,000 kg of swine manure slurry (equivalent to 1 m3 of slurry assuming the same density as
water), the time required for pumping can be calculated:
t pump (h) = 1/11.25 = 0.089 h, and the energy requirement for pumping is
E shaft (kWh) = 0.511 kW * 0.089 h = 0.045 kWh

In similar studies [11, 13], however, the energy requirements for pumping and stirring
1,000 kg of manure slurry were taken to be 0.5 kWh and 1.2 kWh, respectively. Thus, the total
energy consumption associated with this stage (stirring and pumping) will be taken to be:

E pumping/mixing (kWh) = 0.5 + 1.2 = 1.7 kWh

3.2.4. Mechanical separation
The mechanical separator discussed earlier, 5.5 kWh and 15 m3 h-1 capacity, can be used
to model the liquid-solid separation energy requirements. Assuming that the unit will operate
at 75% capacity, the energy requirements per 1,000 kg slurry can be calculated.
ESeparation (kWh) = Slurry amount (kg) * P (kW) / (Q (m3 h-1) * ρ (kg m-3))
= 1,000 (kg) * 5.5 (kW) / (11.25 (m3 h-1) * 1,000 (kg m-3))
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= 0.489 kWh

In another study, the power requirement for a mechanical screen press separator was
reported to be 0.50 kWh tonne-1 (1 tonne = 1,000 kg) [14]. Therefore the energy requirement for
separation will be modeled as 0.5 kWh. A local U.S. electricity mix was used to model the
impacts of power utilization. No air emissions or water contamination are associated with
manure during this stage.

The separation indices reported for screw presses in the review by Hjorth et al. (2010)
were used here to determine the size and composition of both fractions [15]. In that study, the
solids content in the original slurry varied from 1.8% to 6.3%. In Table 7-2, the separation index
(%) is defined as the mass of a given compound in the solid fraction to the mass of that
compound in the original (unseparated) slurry. The mass of the separated solids fraction
(containing both solids and slurry) ranges between 5% and 7.3% [14], the lower value (5%) will
be used in this study.

3.2.5. Solids Transportation (solid-fraction)

Before drying, the wet solids produced from the liquid-solid separation stage are transported to
the drying/conversion facility. An assumption of the transportation distance was based on
observations of swine farms with separation and composting facilities. A typical distance
between unit operations, which will be used in this study, is 500 meters. The transportation units
can be calculated.

Ton-Kilometers (tkm) =
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Solids fraction (kg) * Distance (m) / (1000 (kg ton-1) * 1000 (m km-1)) =
49.5 (kg) * 500 (m)/ (1000 (kg ton-1) * 1000 (m km-1)) = 0.025 tkm

Table 7-2 Separation indices for mechanical screw press separation [15]
Separation index (%)
Raw pig slurry
DM (%)
Volume Dry matter N-total
5.7
7
28
7
6.3
64
5.7
5
28
6
5.3
4
27
7
1.8
51
31
1.8
26
11
6.3
7
21
4
Mean
5.75
35
11
(S.D.)
(1.50)
(16)
(10)

P-total
15
46
12
7
42
7
13
20.3
(16.5)

3.2.6. Drying (solid-fraction)

The solids fraction is dried to further reduce the moisture to levels acceptable for
gasification, i.e., <15%. Generally speaking, drying could be accomplished passively by relying
on sun exposure and natural air circulation, or through active methods where air is heated and
circulated through the wet mixture (using blowers), and the material is moved inside the dryer to
ensure quick, and uniform dryness. Given that exposed swine manure sludge is malodorous and
easily-degradable, active drying techniques will be implemented in this model. In a 100%
efficiency dryer, the thermal energy required to remove 1 kg of moisture from manure was
reported to be 2.3 MJ [16]. Hospido et al. (2005) evaluated different scenarios for utilizing solid
sludge from urban wastewater treatment plants (WWTP). In their study, the electricity and heat
consumption associated with 1 ton (1,000 kg) of dried sludge were 118 kWh and 1,638 kWh,
respectively. The plant also utilizes steam as the heat carrier, with 15.2 m3water ton DM-1.
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Consequently, these values can be used to compute the energy requirements and emissions
associated with manure drying:

Electricity required =
(DM in solid fraction (kg) * Electricity req. to dry 1 ton of sludge)/1000 (kg ton-1)
= (14.6 (kg) * 118 (kWh ton-1)) / 1000 (kg ton-1) = 1.72 kWh

Similarly,
Heat required = (14.6 (kg) * 1,638 (kWh ton-1)) / 1000 (kg ton-1) = 23.91 kWh

Water consumption (kg) = 14.6 (kg) * 15.2 (m3 ton DM -1)* / 1000 (kg ton -1)
= 0.222 m3 H2O

During drying, as much as 20% of the manure-N was reported to devolatilize, often as
NH3 [17]. Also, C loss during drying was reported to be around 4%. In the municipal sludge
drying process model, 44.3 g of volatile organic compounds (VOC) emissions were reported per
1 ton of sludge dried. The same emissions level will be used to model the manure emissions in
this study.
VOC emissions = (14.6 (kg) * 44.3 (g ton-1)) / 1000 (kg ton-1) = 0.647 g VOC

NH3 emissions = Dry manure-N (kg) * (20/100) * (17/14) = 0.042 kg NH3
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3.2.7. Gasification
In this thermochemical conversion process, the dry manure solids are transformed, at elevated
temperatures (600-800°C) to gas (referred to as producer gas, or syngas) in addition to ash-rich
solid char (biochar), and a small amount of condensables (tar). Gasification utilizes air, or other
oxidizing agent, to partially oxidize the biomass C into CO and CO2. However, given the dearth
of data on the gasification of swine manure solids, the dataset used in this study (Table 7-3) was
compiled from available studies on swine manure solids and feedstock, such as, poultry litter,
sewage sludge, cattle feedlot manure, that have similar characteristics (high ash, high N2, etc.).
The main product, syngas, is burnt in a steam boiler to generate steam that is used to satisfy
heating needs on farm, e.g., the drying manure solids, and heating the farrowing crates. The
syngas heat will displace natural gas demand and, consequently, the energy and emissions
associated with natural gas production.

Table 7-4 shows the different emissions associated with the pyrolysis-gasification
technology for municipal solid wastes (MSW) [18], which will be used in the current study to
represent the emissions associated with the gasification facility for the swine manure solids.

Table 7-3 Gasification process model for 1 kg of dry swine manure solids
Parameters
Air requirements (kgair kg-1)
Manure solids HHV (MJ kg-1)
Cold-gas efficiency (%)
Boiler thermal efficiency (%)
Char yield (g kg-1)
Electricity req. (kWh kg-1)
Thermal energy req. (MJ kg-1)

Values
2.54
19-20
50-80
78
300-490
0.339
0.8-1.6

Source
Calculated from composition, ER=0.20
[19, 20]
[21]
[22]
[20, 23, 24]
[18]
[25]

The cold-gas efficiency translates as the chemical energy retained in the syngas as a share
of the total chemical energy in the feedstock, without considering the gas sensible heat. In this
case, however, since the syngas will be used to replace a heat source (natural gas), both the
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sensible and chemical energy in the syngas will be considered. Accordingly, the conversion
efficiency value will increase, with hot gas efficiency (HGE) taken to be between 60% and 90%.
A 70% HGE was used in this model. Accordingly, the amount of heat generated (MJ) due to
gasification can be calculated after subtracting the thermal energy required for the process
(calculated using the pyrolysis enthalpy in Table 7-3, taken here to be 1.0 MJ kg-1).

Generated heat (MJ) =
DM (kg) * [HHV (MJ kg-1) * HGE (%) * Boiler efficiency (%) – h pyrolysis (MJ kg-1)]
= 14.6 (kg) * [19.5 (MJ kg-1) * 0.70 * 0.78 – 1.0(MJ kg-1)] = 140.71 MJ
Since the thermal energy requirement for drying, 23.91 kWh (or 86.08 MJ), is met using
a portion of this heat product, the credit for avoided natural gas use (MJ) becomes:

Displaced natural gas (MJ) = 140.71 – 86.08 = 54.63 MJ

This amount of thermal energy is diverted to additional uses on farm, i.e., heating.

In addition to heat production, gasification yields a char fraction which will be utilized as
a soil amendment. The char is assumed to be N-free since all nitrogen typically devolatilizes
during gasification as N-species. On the other hand, P and K were assumed to be sequestered
fully in the char fraction.
Char produced (kg) = DM (kg) * Char yield (%) = 13.9 (kg) * (300 g kg-1)/1000 (g kg-1)
=14.59 (kg) * 0.3 = 4.38 kg Char
Given that the gasification/boiler stage generates two products, i.e., heated steam, and
biochar, the impacts associated with this stage need to be divided (allocated) between both

166

products. Economic allocation was selected given that the products are incompatible, energy and
mass, making the mass allocation inapplicable.
The economic value of the heat generated in the gasification/boiler stage can be
determined using the price and energy content for natural gas. The price and energy content of 1
cubic foot of natural gas were 0.0132$ and 1030 British thermal units (Btu), respectively. Since 1
MJ equals 947.817 Btu, the economic value of the heat generated can be determined.
The economic value for the heat energy ($) =
140.71 (MJ) * (0.0132 ($ cu.ft -1)/ 1030 (Btu cu.ft -1)) *947.817 (Btu MJ-1) = $ 1.70
Similarly, the economic value of the biochar can be estimated from the prices of P and K
fertilizers, in addition to the price of sequestered CO2 in the form of recalcitrant C. Price of 1 kg
of P2O5, K2O fertilizers and 1 kg of CO2e sequestered were taken to be $1.98, $1.02, and $0.02,
respectively [26]. Amounts of P2O5 and K2O in the biochar will be determined by neglecting
any P or K losses to the gaseous species during gasification.
P2O5 in biochar = 0.39 (kg P, char) * 4.58 (kg P2O5 kg P -1) = 1.78 kg P2O5
K2O in biochar = 0.68 (kg K, char) * 2.41 (kg K2O kg K -1) = 1.64 kg K2O
The char C represents 28% of the char weight, and the recalcitrant C, which will be
considered for the sequestration benefit, is 75% of the char C [27]. Accordingly:
CO2 sequestered = 1.25 (kg C, char) * 0.75 * (44/12) (kg CO2 kg C -1) = 3.43 kg CO2
Using these yields, the economic value of the produced biochar can be calculated.
The economic value for the biochar ($) =
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=1.78 (kg P2O5) *1.98 ($ kg P2O5 -1) +1.02 (kg K2O) *1.98 ($ kg K2O-1) +
3.43 (kg CO2e) *0.02 ($ kg CO2e-1) = $5.27
Economic allocation for the generated heat = 100*(1.70/ (5.27+1.70)) = 24.4%
Economic allocation for the biochar = 100*(5.27/ (5.27+1.70)) = 75.6%
Table 7-4 Emissions to the air resulting from the gasification process (per 1 kg of feedstock)
[18]
Substance
CO2

Gasification
(milligram kgDM-1)
1,000,000

NOx

780

CO

100

SO2

52

HCl

32

PM

12

VOCs

11

HF

0.34

Hg

0.069

As

0.06

Ni

0.04

Cd

0.0069

3.2.8. Biochar transportation

In this step, the impacts of biochar transportation to the field as well as the biochar land
incorporation will be considered. The transportation (in ton-kilometer units) can be determined
from the biochar yield shown in Table 7-3. The transportation distance here will also be assumed
to be 10 km.
Ton-kilometer = DM (kg) * char yield (kg kg DM-1) * Distance (km)
=14.59 (kg) * 0.3 (kg char kg DM -1) * 10 (km) = 0.044 tkm
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3.2.9. Post-land application for the char (solid fraction)

Char land application was shown to be beneficial both as a fertilizer/soil conditioner, and
also as a carbon sequestration option. In this study, the benefits of biochar application to the soil
will be determined as the avoided synthetic fertilizers due to the presence of P and K in the char,
and also as avoided biogenic CO2 in the form of char recalcitrant C. Additional benefits of char
application include improved water holding capacity, and reduced N2O emissions. However, due
to the scarcity of quantifiable data on these benefits, and the strong dependency on crop, soil and
climate conditions, these additional benefits will not be considered in this study. The amount of
avoided P2O5 and K2O fertilizers, and sequestered CO2 were determined, in section 3.2.7, to be
1.78 kg P2O5 , 1.64 kg K2O, and 3.43 kg CO2.

3.2.10. Liquid-fraction post-separation tank

The separated slurry is stored in an exposed tank until it is transported to field for
application. During storage, the organic fraction of this slurry undergoes transformation
resulting in GHG emissions. The following section lists the computations for the various
emissions.

CH4 emissions

The IPCC (2006) equation used earlier to compute CH4 emissions in the swine house and the
pre-separation tank was also used here to calculate the emissions during post-separation storage
of the liquid slurry.

CH4 emissions (kg) = VS (kg) * Bo* 0.67 * MCF
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The volatile solids loading (VS) in this storage step was much lower than in the pre-separation
tank, i.e., 21.5 kg compared to 33.1 kg.

CH4 emissions (kg) = 21.5 (kg) * 0.48* 0.67 * (18/100) = 1.24 kg CH4
CO2 emissions

Hamelin et al. (2010) modeled the anaerobic decomposition of manure volatile solids to
determine the ratio of CO2 to CH4 in the devolatilized species [28]. They reported a molar ratio
for CO2/CH4 of 0.52. Consequently, the mass ratio for CO2/CH4 can be computed.
CO2/ CH4 mass = 0.52 * (MW CO2 MW CH4-1) = 0.52 * (44/16) = 1.43 kg CO2 kg CH4-1
CO2 emissions = 1.24 kg CH4 * 1.43 (kg CO2 kg CH4-1) = 1.78 kg CO2

NH3 emissions

The same assumption used earlier to determine NH3 emissions, i.e., 2% of total-N, will
be used here as well.

NH3 emissions = 1.4 (kg N) * (2/100) * (17/14) = 0.034 kg NH3

N2O emissions
The same emissions factor used earlier, EFN2O = 0.005 kg N2O kg N-1, was used to
calculate the total N2O emitted during post-separation storage.

N2O emissions = Total-N (kg) * 0.005 * (44/28) = 0.011 kg N2O

3.2.11. Slurry transportation (liquid-fraction)
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The distance between the post-separation tank and the fields where the slurry is landapplied is assumed to be 10 km (6.2 miles). This distance has been used before in a similar study
to model the impacts of dairy cow slurry digestion and land application [29].
Ton-kilometer transported = Slurry (kg) * distance (km) / 1,000 (kg ton-1)
= 939.5 (kg) * 10 (km) / 1,000 (kg ton-1) = 9.395 tkm

The following section will outline the emissions associated with mixing and land application
of the char and liquid slurry.

3.2.12. Mixing and application (liquid and solid fractions)
The energy requirement for slurry and char mixing (kWh electricity) is 1.2 kWh ton-1 [11]
and the land application energy requirements and emissions were modeled using the vacuum
spreader model available in U.S. EI database. The impacts of slurry application (without the
char) are presented in the following section.

3.2.13. Post-land application for the slurry (liquid-fraction)

NH3 emissions

NH3 devolatilization resulting from manure land application is among the main sources of
N emissions in the agricultural sector [30]. Rates of NH3 emissions vary greatly with the
variability in manure slurry characteristics, soil type, and weather conditions. Misselbrook et
al. (2005) studied the influence of manure type (cattle, and pig manure), and land type
(arable, and grassland) on NH3 emissions. They reported NH3 emissions between 6.0 and
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21.5% of the total ammonical nitrogen (TAN) in the pig manure. Sommer and Hutchings
(2001) reported NH3 emissions to be 5% of total NH4 in applied slurry with trail hose
application, and 8-10% of total NH4 under broadspreading [31]. According to literature, an
estimated 39% of TAN in swine slurry devolatilizes as NH3 during spring season land
application [32]. In this study, NH3 devolatilization was modeled as 20% of TAN in the
slurry. Ratio of TAN was taken from Buckley et al. (2010) to be 75% of the total N in the
swine manure slurry (S.D. = 17%)[33].
NH3 emissions = N (kg) * (TAN Total N-1) * NH3-EF

= 1.36 (kg N) * (75/100) * (20/100) = 0.204 kg NH3

N2O emissions

According to the IPCC report (2006), the emission factor value for N2O resulting from
organic amendments application (EFN O-N) is 0.01 kg N2O-N kgN-1. Thus, the amount of N2O
2

emissions resulting from the field application of the liquid-fraction can be calculated.
N2O emissions = 1.36 (kg N) * 0.01 (kg N2O-N kg N-1) * (44/28) = 0.021 kg N2O

CO2 emissions

Rochette et al. (2004) estimated the cumulative C loss (as CO2) due to swine slurry
application to spring maize plots to be 63% of the original slurry C [34]. This value will be
used here to estimate the total CO2 emissions due to land application.

CO2 emissions = Total C (kg) * (63/100) * (44/12) = 11.79 * (63/100) * (44/12)
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= 27.2 kg CO2

Fertilizers displaced by liquid-fraction application

Land application of swine slurry is advantageous, both economically and
environmentally, since it provides a share of the plant nutritional needs, and offsets an amount of
the mineral fertilizers (N, P, and K) typically needed. The amount of avoided mineral fertilizer
could be thought of as savings in energy and emissions associated with processing, producing
and transporting these fertilizers. The nutritional value of the swine slurry is typically expressed
as mineral fertilizer equivalent (MFE), which is a ratio representing the unit mass of mineral
fertilizer avoided (NPK) per unit mass of manure. In this study, the MFE values for N, P2O5 and
K2O were 65%, 95%, and 100%, respectively [35].

Accordingly, the avoided N, P, and K fertilizers could be calculated as follows:

Avoided N fertilizer = Slurry N (kg) * MFE-N = 1.177 * (65/100) = 0.765 kg N
Avoided P fertilizer = Slurry P (kg) * MFE-P * 4.6 (kg P kg P2O5-1)

= 1.5 * (95/100)* 4.6= 6.7 kg P2O5
Avoided K fertilizer = Slurry K (kg) * MFE-K * 2.4 (kg K kg K2O-1)

= 1.177 kg N * (100/100) = 3.0 kg K2O .

NO3 and P leaching
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In this study, the N and P leaching will be assumed to follow the same trends reported by
Wesnæs et al. (2009) [11]. In their study, 35% and 10% of the manure N and P were
assumed to be leached out of the soil. Accordingly:
NO3 leached (kg) = Slurry N (kg N) * (35/100) * 4.43 (kg NO3 kg N-1)

= 1.36* 0.35* 4.43 = 1.8 kg NO3

P leached (kg) = Slurry P (kg P) * (10/100)

= 1.53* 0.10= 0.15 kg P

Table 7-5 Mass balance during manure utilization scenario for 1 functional unit
Fresh excreted manure in house (kg)
1,000.0
Ex. House (kg)
995.0
Ex. Tank (kg)
990.5
Ex. Separation (liquid fraction) (kg)
940.5
Ex. Separation (Solid fraction) (kg)
49.5
Ex. Drying (solid fraction) (kg)
14.6
Ex. Gasification (char) (kg)
4.4
Ex. Storage (liquid fraction) (kg)
939.5
Ex. Mixing (solid and liquid fractions) (kg)
943.9
Simapro© 8.0.4 software (PRé Consultants, The Netherlands, 2014) was used to model
this scenario. Details of emissions associated with material, fuel and energy were provided by a
modified edition of ecoinvent database, which accounts for U.S. electricity makeup [36]

Table 7-6 Summary of emissions and energy requirements for one functional unit
1. Swine house
NH3 emissions (kg)
N2O emissions (kg)
CO2 emissions (kg)
CH4 emissions (kg)
2. Pre-separation storage tank
NH3 emissions (kg)
N2O emissions (kg)
CO2 emissions (kg)
CH4 emissions (kg)
3. Stirring and pumping

0.418
0.017
2.818
2.362
0.418
0.017
2.818
2.362
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Electrical power requirements (kWh)
4. Mechanical separation
Electrical power requirement (kWh)
5. Solids transportation
Transportation (tkm)
6. Drying (solid fraction)
Heat requirements (MJ)
Electricity requirements (kWh)
Water requirement (m3)
VOC emissions (kg)
NH3 emissions (kg)
7. Gasification-Boiler ( solid fraction)
Electricity requirements (kWh)
Air needed (kg)
Generated heat (MJ)
CO2 emissions (g)
NOx emissions (g)
CO emissions (g)
SO2 emissions (g)
HCl emissions (g)
PM emissions (g)
VOCs emissions (g)
HF emissions (g)
Hg emissions (g)
As emissions (g)
Ni emissions (g)
Cd emissions (g)
8. Char transportation ( solid fraction)
Transportation (tkm)
9. Post-land application for the char ( solid fraction)
Avoided P2O5 (kg)
Avoided K2O (kg)
Avoided CO2 (kg)
P leaching (kg)
10. Post-separation storage tank (liquid fraction)
NH3 emissions (kg)
N2O emissions (kg)
CO2 emissions (kg)
CH4 emissions (kg)
11. Slurry transportation (liquid fraction)
Transportation (tkm)
12. Mixing and land application (solid and liquid fractions)
Mixing (kWh)
12. Post-land application for the slurry (liquid fraction)
NH3 emissions
N2O emissions
CO2 emissions
Avoided N fertilizer (kg)
Avoided P2O5 (kg)
Avoided K2O (kg)
NO3 leaching (kg)
P leaching (kg)

1.70
0.50
0.025
83.59
1.72
0.222
0.00064
0.042
4.94
37.05
140.71
14,585.4
11.38
1.46
0.76
0.47
0.18
0.16
0.0050
0.0010
0.0009
0.0006
0.00010
0.044
1.78
1.64
3.43
0.039
0.028
0.011
1.78
1.24
9.395
1.2
0.204
0.021
27.2
0.77
6.7
3.0
1.8
0.15

4. Results and Discussions
4.1. Impact assessment

Table 7-7 below presents cumulative values representing impacts of the manure
management scenario according to selected categories. These categories include two inventory
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categories: water depletion, and non-renewable fossil fuel demand, and three impact categories:
climate change (IPCC GWP100), freshwater and marine eutrophication (ReCiPe midpoint) [37].
Positive impact characterization values indicate an added environmental burden, while negative
values represent avoided burden.

4.1.1. Global Warming potential (GWP)

The proposed manure management scenario had a net positive impact on global warming,
with a 168.5 kg CO2e emitted throughout the entire scenario. This value encompasses the
different released emissions, such as, CO2, CH4, and N2O, during the manure processing stages,
using conversion factors. A detailed representation of the contribution of each stage to the
cumulative GWP emissions is shown in Figure 7-2. In an LCA of swine manure management in
Denmark, three management scenarios were compared: standard management (reference),
pelletization of separated solids for incineration, or pelletization of separated solids for use as
solid fertilizer. The reference scenario was credited with a GWP 100 burden of 257 kg CO2e,
while the pelletization for energy and for fertilizer scenarios had a GWP 100 burden of 263 and
248 kg CO2e, respectively [11].

Table 7-7 Characterization of impacts for proposed swine manure management scenario
Impact category

Unit

Global Warming (GWP100)

kg CO2e

168.465

Non-renewable, fossil

MJ

-353.832

Water depletion

3

m

Proposed swine manure management

-0.793

Marine eutrophication

kg N eq

0.512

Freshwater eutrophication

kg P eq

0.173
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Emissions during manure storage under slatted floors in the house and during external
storage represented majority of the greenhouse gas (GHG) emissions, with each stage
contributing 36.7% of the total emissions.

This big contribution is attributed to the high levels of N2O and CH4 emissions during
these two steps, with both gases having a significantly larger impact on global warming
potential, as seen in Table 7-8. Similarly, the third largest contributing stage to GHG emissions
is post-separation storage, i.e., 19.5% of scenario’s GWP.
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Figure 7-2 Net contribution of each stage to the cumulative global warming potential over a
100 year period (GWP100) in units of kgCO2 equivalent (kgCO2e)
Manure solids gasification and syngas firing (in a boiler) are represented as one coupled process
(step H in Figure 7-2) credited with 8.4% of the total GWP. Net positive contribution here
indicates the avoided GHG emissions by firing (burning) syngas, instead of natural gas, did not
completely offset the combined emissions from syngas firing, and those associated with gasifier
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electricity consumption. The low hot gas efficiency used in this model, 70%, and the low boiler
efficiency, 78%, contributed to an overall low ratio of avoided natural gas to GHG emitted from
manure syngas firing, and thus a net positive GWP.

GWP for Drying manure solids, 1.3 kgCO2e, represented 0.8% of overall GWP
emissions. Despite being an energy-intensive process, the low GWP contribution here for drying
is attributed to the fact that the process heat is recycled from the gasification-boiler output heat,
which reduces the overall drying impact.

Table 7-8 CO2 Equivalence factors for a 100 year period [1]
Substance CO2 equivalence factors
1 kg CO2
1 kg CH4
1 kg N2O

1 kg CO2e
25 kg CO2e
298 kg CO2e

The following stages: pumping, mixing, separation, transportation, and land application
all represented 2.9% of the total GHG emissions. The negative emissions found in this scenario
(savings) are attributed to the last stage, i.e., consequences of char-slurry land application. Here,
negative emissions translate to emissions avoided due to the overall impact of land application.
Despite the N2O and CO2 emissions arising from slurry land application, the emissions avoided
by applying organic fertilizers: N, P, and K, instead of synthetic fertilizers outweighed these
positive emissions. The GHG emissions resulting from producing 1 kg from each of the N, P,
and K fertilizers, i.e., urea as N, P2O5, and K2O are 3.19, 2.63, and 1.58 kg CO2e, respectively
[34].

4.1.2. Fossil fuel use
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Cumulative fossil fuel use in this scenario was -353.8 MJ, which indicates fossil fuel
savings. Figure 7-3 details the individual contribution of manure management stages to overall
saving. Manure storage steps, from an energy perspective, were all passive and therefore had no
fossil fuel expenditure or saving. The maximum energy burden was credited to the slurry
transportation stage which represented 28.2% of total fossil fuel energy input, followed by the
slurry-char spreading stage which represented 27.2% of total fossil fuel energy input.

The gasification-boiler stage was credited with an energy saving of 28.1 MJ, through
offsetting natural gas firing to produce the same amount of thermal energy. This energy saving is
additional to the recycled heat which was utilized in the drying stage. The energy demand for the
drying process, 14.9 MJ, represents the electricity demand in the dryer, which cannot be met
through the gasification-boiler stage. The main energy saving in this scenario, -403.5 MJ, was
attributed to the consequences of slurry-char land application. This saving stems from the
avoided synthetic fertilizers, and in consequence, the fossil fuel energy used in their production.
For illustration, production of 1 kg N fertilizer (urea) requires 60.8 MJ of energy. Similarly,
production of 1 kg of P2O5 and K2O translate to 33.3 and 15.9 MJ of fossil fuel energy
expenditure.

4.1.3. Water depletion

This category indicates the total water use from different water sources: lakes, rivers, and
wells. In this study, total water depletion was a process credit, i.e., avoided water depletion of
0.793 m3. This credit is an indirect water saving resulting from the last step by displacing
synthetic fertilizers with the slurry-char mixture. Difference between land application impacts on
water depletion, -0.815 m3, and total impact, -0.793 m3, is attributed to all the energy-positive
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stages in the scenario. However, the savings accrued by land application vastly outweighed the
combined water depletion potential for these stages.
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Figure 7-3 Net contribution of each stage to the cumulative fossil fuel energy use (MJ)
4.1.4. Marine eutrophication

This mid-point impact category expresses the amounts of nutrients emitted throughout
the scenario, expressed in units of kg N equivalent, which reach marine water causing eutrophic
conditions. The studied scenario had a net positive (a burden) of marine eutrophication, 83.1% of
which is attributed to the slurry-char land application consequences. This could be explained by
the nitrate (NO3) leaching, and NH3 emissions resulting from slurry land application. Throughout
the entire scenario, 80% of eutrophication potential is attributed to NO3 leaching, while the
remainder is due to NH3 emissions. The eutrophying effect of NH3 occurs through forming acid
rains that deposit back in water bodies causing N enrichment. Swine houses and pre-separation
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storage are each responsible for 7.5% of total eutrophication potential due to their NH3
emissions.

4.1.5. Freshwater eutrophication

Given that P is the limiting factor for most freshwater bodies, introducing P to rivers and
lakes result in eutrophying conditions. In this study, 98% of total freshwater eutrophication
potential is attributed to the last step, i.e., impacts of slurry-char application. The leaching of
10% of P in both the char, and the slurry are responsible for this impact.

4.2. Model sensitivity to thermochemical conversion parameters

In order to better understand the implications of the proposed thermochemical conversion
system (drying-gasification-boiler) on the overall scenario, the conversion parameters, i.e., hotgas efficiency (HGE) and boiler efficiency were altered to represent two additional scenarios.
The first represents low-efficiency conditions: HGE and boiler efficiencies at 60% and 68%,
respectively. The second, a high efficiency scenario, shows HGE and boiler efficiency at 80%
and 88%, respectively. Figure 7-4 and Table 7-9 show the impacts of these performance levels
on the gasification-boiler stage, and on the entire scenario. A 10% point increase in the
performance of both the gasifier and the boiler yielded a decrease in the GWP for this stage by
3.5 kg CO2e (24.6% decrease), and a corresponding increase in fossil fuel energy saving by
59.9MJ (213.5% increase). A 10% drop corresponded to a 21.5% increase in GWP, from 14.2 to
17.2 kg CO2e, and a change from a fossil fuel energy saving of 28.1 MJ to an energy expenditure
of 24.3 MJ. The sensitivity of the fossil fuel use to conversion efficiencies (gasifier, and boiler)
indicate the tight balance between the energy demand for the drying process and the energy
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released during conversion. The non-linear response in the efficiency scenarios is due to the fact
that the overall efficiency for the gasification-boiler is the product of the conversion and the
boiler efficiencies. No noticeable changes were observed in the other impact categories with
changes in efficiencies.

For the entire scenario, increasing the thermochemical conversion efficiency yielded a
2.0% decrease in GWP and a 17.0% increase in fossil fuel savings. These findings suggest that
the proposed thermal conversion alternative has a marginal impact on the GWP for the entire
management scenario. It is worth noting, however, that the combined GWP for the separation,
drying and gasification-boiler stages, 15.5 kgCO2e, are lower than the difference in GWP
between pre-separation storage, 61.9 kgCO2e, and post-separation storage, 32.8 kgCO2e. Put
differently, the separation-drying-gasification-boiler combination can be considered an emission
reduction measure through which manure storage emissions are minimized.
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Figure 7-4 Impacts of gasification-boiler performance on: [A] global warming potential
(GWP 100), and [B] Fossil fuel energy use (MJ)
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From an energy perspective, however, the gasification system has a significant impact on
the total energy use in manure management, even with the exorbitant energy requirements for
drying. Improvements to thermal conversion efficiency (gasification, and syngas firing)
combined with improvements to the drying technology can significantly improve the overall
impacts for swine manure management via thermochemical conversion.

Table 7-9 Impacts of thermochemical conversion performance on swine manure
management scenario
Impact category

Unit

Global Warming (GWP100)

kg CO2e

Non-renewable, fossil

MJ

Water Depletion

m3

Marine eutrophication

kg N eq

Freshwater eutrophication

kg P eq

Low efficiency
Gasification-Boiler

Baseline

High efficiency
Gasification-Boiler

171.512
-301.444
-0.793
0.512
0.173

168.465
-353.832
-0.793
0.512
0.173

164.976
-413.814
-0.794
0.512
0.173

4.3. Implications of this study

The findings in this investigation contribute to the ongoing discussion on manure
management best practices. Given the swine manure composition, and the management practiced
on farm, thermochemical conversion is less favorable than wet disposal technologies, i.e.,
anaerobic digestion. Comparative LCA for gasification and anaerobic digestion can further
outline the benefits and shortcomings associated with each as swine manure management tool.

From GHG emissions and energy use perspectives, land application of swine manure
appears beneficial. However, in regions of intensive swine production where unfertilized arable
lands are scarce, thermochemical conversion can be regarded more as an auxiliary approach for
nutrient/emission management than as an energy production venture. Adopting innovative sludge
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drying technologies in regions of intensive production can greatly reduce the drying energy
demand, and consequently, the GHG emissions. Also, better understanding of biochar agronomic
value could potentially incentivize thermochemical conversion of manure solids.

5. Conclusions
•

Swine manure liquid storage (before, and after solid-liquid separation) contributed 88.2%
of the GHG emissions for the entire proposed manure management scenario.

•

Solid-liquid separation reduced the GHG emissions associated with open tank manure
storage, by 47.0%

•

Despite the high energy demand associated with manure drying, thermochemical
conversion can supply the drying thermal energy.

•

Land application of slurry-biochar mixture is credited with 8.4 kgCO2e in avoided GHG
emissions, and 403.5 MJ of avoided fossil fuel energy use resulting from avoided
synthetic fertilizer production.

•

Improvements to drying, and thermochemical conversion efficiency can greatly reduce
fossil fuel use in manure management.
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Chapter 8 Conclusions
1. Survey of the literature on the subject of manure management and conversion
showed the following:
a. Increases in scale and the aggregation of swine production farms, while
economically advantageous, have resulted in manure accumulation problems
in high production regions.
b. Various manure management technologies, i.e., biological, and thermal, are in
practice to utilize swine manure while mitigating its negative impacts on
surrounding ecosystems.
c. Thermochemical conversion technologies are mature, stable and modular but,
so far, underutilized in manure management.

2. Swine manure solids from two farms, i.e., farrowing and growing-finishing, were
successfully characterized. The main findings were:
a. The type of farm influenced the composition and the higher heating value
(HHV) of swine manure solids.
b. Compositional differences between swine manure types translated to
variability in the weight loss rates, and the shape of decomposition peaks.
c. The activation energy during pyrolysis of swine manure solids (T ≤420°C)
showed a gradual increase corresponding with the devolatilization of the
sample ingredients (hemicellulose, cellulose, in addition to the keratin and
lipid).
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3. Algal consortia were successfully grown and harvested on a substrate of swine
manure slurry to reduce the nutrient loading for the slurry. Characterization and
thermogravimetric analysis of two algae harvests showed the following main
findings:
a. The algae genus Mougeotia was the common genus in the Algae 1 harvest,
while the genus Cladophra was predominant in the Algae 2 harvest.
b. In isoconversional methods, the apparent activation energies for pyrolysis of
Algae 1 were lower than Algae 2 pyrolysis.
c. The pyrolysis kinetics of each consortium was modeled using independent
parallel reaction (IPR) model as a group of four parallel, independent,
first-order reactions.

4. The combustion kinetics was studied for swine manure solids, algal biomass, and
their blends. The main findings were:
a. Swine manure solids showed a higher carbon concentration and larger Higher
Heating Value than algal biomass solids
b. Weight loss in swine manure solids took place over a narrower temperature
range compared to that of algal biomass
c. Average activation energy for algae and swine manure solids, using
isoconversional methods, was comparable.
d. Co-combustion of swine manure and algal solids was found to be additive,
with behavior similar to weighted mean computed from individual feedstocks.
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5. The gasification of wastewater treatment algae (phycoremediation) was studied in
an auger gasification platform. Three temperature levels: 760, 860 and 960°C
were investigated. The main findings were:
a. The development of temperature profiles during auger gasification
indicated formation of different reaction zones, similar to those observed
in fixed-bed systems.
b. Increasing the gasification temperature decreased the CO2 yield, but
increased the yield of CO, H2, and, consequently the gas heating value.
c. The high ash concentrations in the raw algae biomass resulted in low gas
yields, and high char yields.
d. High condensables yields and high carbon concentrations in the char
indicate low conversion efficiencies, even at the highest temperature
tested.
e. Concentrations of C, P, and K oxides in the algae chars were between
140~177 g kg-1, 2.8~3.0 g kg-1, and 1.5~1.6 mg kg-1, respectively.

6. Life cycle assessment (LCA) was used to investigate the gasification of swine
manure solids as a manure management strategy. This study details a proposed
scenario for manure management (1,000 kg of fresh manure at 5% dry matter)
that includes: drying, gasification, and syngas burning in a boiler. The main
findings in this study were:
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a. Swine manure liquid storage (before, and after solid-liquid separation) contributed
88.2% of the GHG emissions for the entire proposed manure management
scenario.
b. Solid-liquid separation reduced the GHG emissions associated with open tank
manure storage, by 47.0%
c. Despite the high energy demand associated with manure drying, thermochemical
conversion can supply the drying thermal energy.
d. Land application of slurry-biochar mixture is credited with 8.4 kgCO2e in avoided
GHG emissions, and 403.5 MJ of avoided fossil fuel energy use resulting from
avoided synthetic fertilizer production.
e. Improvements to drying, and thermochemical conversion efficiency can greatly
reduce fossil fuel use in manure management.
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